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Abstract
One of the central challenges of hadron physics in the regime of strong (non-perturbative) QCD
is to identify the relevant degrees of freedom of the nucleon and to quantitatively explain exper-
imental data in terms of these degrees of freedom. Among the processes studied so far Compton
scattering plays a prominent role because of the well understood properties of the electromagnetic
interaction. Different approaches to describe Compton scattering have been discussed up to now.
It will be shown that the most appropriate ones are provided by nonsubtracted dispersion theories
of the fixed-t and fixed-θ types, where the properties of these two versions are complementary so
that advantage can be taken from both of them. In the frame of fixed-t dispersion theory it was
possible to precisely reproduce experimental differential cross sections obtained for the proton in
a wide angular range and for energies up to 1 GeV. At energies of the first resonance region and
below, precise values for the electromagnetic polarizabilities and spin-polarizabilities have been
determined for the proton and the neutron. As a summary we give the following recommended
experimental values for the electromagnetic polarizabilities and backward spin-polarizabilities of
the nucleon: αp = 12.0±0.6, βp = 1.9∓0.6, αn = 12.5±1.7, βn = 2.7∓1.8, in units of 10−4fm3 and
γ
(p)
pi = −38.7± 1.8, γ(n)pi = 58.6± 4.0 in units of 10−4fm4. These data show that diamagnetism is a
prominent property of nucleon structure. It will be shown that the largest part of diamagnetism,
or equivalently (α−β), is not related to the conventional isobar-meson structure of the nucleon as
showing up in meson photo-production. Rather, the underlying mechanism is a t-channel σ-meson
exchange, with the constituent-quark-meson configuration remaining in its ground state. The same
is true for the backward spin-polarizability γpi where the relevant meson is the pi
0. Making the
reasonable assumption that the quantities (α − β) and γpi are related to the structure of the nu-
cleon, we come to the conclusion that the σ and pi0 intermediate states are part of the structure
of the nucleon. It is a challenge for further research to integrate these degrees of freedom into a
consistent description of the structure of the nucleon.
∗Supported by Deutsche Forschungsgemeinschaft SPP(1034) and projects SCHU222 and 436RUS 113/510. Email
address: mschuma3@gwdg.de (Martin Schumacher)
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1 Introduction
The idea to apply the coherent elastic scattering of photons (Compton scattering) to an investigation
of the internal structure of the nucleon dates back to the early 1950’s. From these early days up to the
present the following questions have been investigated:
• What are the appropriate degrees of freedom of the nucleon if we probe it with (quasi-static)
electromagnetic fields?
• What are the appropriate theoretical tools to relate the experimental observables to the presumed
degrees of freedom of the nucleon?
• How can one measure differential cross sections for Compton scattering very precisely in view of
the extremely small size of these quantities at energies below π photoproduction threshold and in
view of the tremendously large background of photons due to photoproduction of neutral pions
with their subsequent decay into two photons at energies above π photoproduction threshold?
Though large progress has been made in these fields the work is not complete. The aim of this
article, therefore, cannot be to give final answers. Instead it may be considered as some intermediate
status report written in a way that future researchers are given an easy access to the field. This
work is facilitated by the fact that there are two other excellent recent reviews (i) the publication of
Drechsel, Pasquini and Vanderhaeghen “Dispersion relations in real and virtual Compton scattering” [1]
and the work of Wissmann “Compton Scattering: Investigating the structure of the nucleon with real
photons” [2]. The work of Drechsel et al. [1] emphasizes recent progress made in dispersion theories, the
work of Wissmann [2] is concerned with experimental methods and recent experimental results and their
evaluation and interpretation in terms of the nonsubtracted fixed-t dispersion theory. Furthermore, the
review articles of A.I. L’vov “Theoretical aspects of the polarizability of the nucleon” [3] and of V.A.
Petrun’kin “Electric and magnetic polarizability of hadrons” [4] may be studied in parallel.
Using hydrogen and deuterium targets, Compton scattering by the proton and neutron has recently
been studied at the tagged photon beam of the MAMI (Mainz) accelerator using different experimental
setups. Due to these investigations there are precise experimental differential cross sections available for
the proton in a large angular range at energies below the π photoproduction threshold and for the first
and second resonance region. For the neutron, Compton differential cross sections have been measured
in the first resonance region using the method of quasi-free Compton scattering by the neutron bound
in the deuteron. When combined with an accurate theoretical description of the quasi-free process
these experiments are expected to provide differential cross sections for Compton scattering by the free
neutron. The basic achievements of these experiments will be described in this article.
The large improvement on the data base achieved through these recent experiments makes a recon-
sideration of dispersion theories advisable which serve as the tools for data analysis and interpretation.
The appropriate versions of dispersion theories are nonsubtracted dispersion theories, either formulated
for fixed scattering angle, θ, or for fixed momentum transfer squared, t. These two approaches have
their technical advantages and disadvantages and to some extent are complementary. They have in
common that the physics of subtractions inherent in the scattering amplitudes becomes an essential
part of the theory. It will become apparent in the following that this is neither a shortcoming nor a
disadvantage of the dispersive approach. On the contrary, the physics of subtractions is an essential
part of the physics of polarizability and Compton scattering and leads to new insights into the relevant
degrees of freedom of the nucleon.
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1.1 The early history and basic ideas
The possibility that the polarizability of the “meson cloud” of a proton or neutron plays a role when
the nucleon scatters a photon elastically or is scattered itself in a nuclear Coulomb field has been noted
by several authors [5, 6] already in the 1950’s. A phenomenological description of the effect of nucleon
polarization on the processes
γ + p→ γ′ + p′, (1)
γ∗ + n→ γ∗′ + n′ (2)
which are illustrated by the diagrams of Figure 1 is obtained by an extension of the low-energy theorem
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Figure 1: Left panel: Born term (upper part) and polarizability diagram (lower part) for Compton
scattering by the nucleon. Ze, κ: electric charge and anomalous magnetic moment of the nucleon.
α, β: electric and magnetic polarizability. Right panel: Schwinger term describing double Schwinger
scattering due to electric fields acting on the magnetic moment (upper part) and polarizability diagram
for electromagnetic scattering of a neutron in a Coulomb field (lower part). κn: anomalous magnetic
moment of the neutron. Ze: electric charge of the scattering nucleus. γ∗: virtual photon. The crossed
diagrams are not shown (see also [3]).
of Low, Gell-Mann and Goldberger [7, 8] for scattering amplitudes to quadratic terms in the photon
energy ω. It was shown [9–14] that allowance for the ω2-dependent terms in the amplitude for Compton
scattering by the proton requires the introduction of two new constants in addition to the charge e,
mass M and anomalous magnetic moment κ (for spin 1/2) of the target particle. By analogy with
the nonrelativistic theory of photon scattering by a complex system (atom or nucleus) they have been
named the electric and magnetic polarizabilities, α and β, respectively.
The first experimental data on electromagnetic polarizabilities analyzed from differential cross sec-
tions for Compton scattering by the proton were obtained by Gol’danskii et al. in 1960 [15]. The later
experiment of Baranov et al. [16] arrived at a good precision for the electric polarizability. These two
experiments were re-evaluated recently [17] and also other experiments of the 1950’s – 1990’s were given
consideration. The results of this re-evaluation are listed in Table 1.
It should be noted that the data listed in Table 1 have been obtained without the tagging technique
by which quasi-monochromatic photons are obtained and without including the constraint of the Baldin
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Table 1: Summary of results obtained in the 1950’s – 1970’s for the electromagnetic polarizabilities of the
proton [17] given without constraint of the Baldin sum rule [10]. The data are obtained [17] through a re-
evaluation of the differential cross sections available for energies below pion photoproduction threshold.
The unit is 10−4fm3.
Experiment αp βp αp + βp
Oxley(58) 17.0± 8.1 -6.7±3.7 10.2±9.2
Hyman(59) 13.9± 5.6 -4.7±7.2 9.2±6.1
Goldansky(60) 10.1± 7.8 9.0±5.0 19.1±10.2
Bernardini(61) 11.4± 2.9 2.6±2.9 −
Frish(67) 14.2±4.0 5.6± 4.2 19.8±4.3
Baranov(74) 11.4± 1.4 -4.7±2.5 6.7±3.3
average 12.8±1.1 -0.3±1.6 12.5±2.2
sum rule [10] which allows to calculate α+ β from the total photo-absorption cross section. In view of
this, the data have to be considered as remarkably precise. Nevertheless the important question remains
unanswered whether the magnetic polarizability is positive or negative, i.e. the nucleon mainly behaves
as a paramagnetic or diamagnetic system. This question has been answered by modern experiments
described in Section 5.
Experiments on Compton scattering by the neutron appeared to be impossible in these early days.
Therefore, the electromagnetic scattering of neutrons in a Coulomb field of heavy nuclei exploited
in narrow-beam neutron transmission experiments was given preference. Due to the absence of a
magnetic field component at low neutron velocities, only the electric polarizability is measured in
these experiments. The early history of these studies is summarized in [18]. The experimental results
obtained in the 1980’s are summarized in Table 2. The data in Table 2 show that the errors obtained
Table 2: Summary of results obtained in the 1980’s for the electric polarizability of the neutron using
the method of electromagnetic scattering of neutrons in the Coulomb field of heavy nuclei. The unit is
10−4fm3.
Experiment αn
Alexandrov(86) [19] 15 ± 33
Koester(86) [20] 30 ± 40
Schmiedmayer(88) [21] 12 ± 10
Koester(88) [22] 8 ± 10
for the electric polarizability of the neutron are of the order of 100%. This means that the electric
polarizability of the neutron remained uncertain in these early experiments. Improvements on the
technique of electromagnetic scattering of neutrons in the Coulomb field of heavy nuclei have been
made recently. This will be described in Section 5.3.1.
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1.2 Polarizabilities defined for real and quasi-real photons
We include this subsection for the sake of completeness and because there are uncertainties about the
definition of polarizabilities in the literature up to recent times1.
The electric (α) and magnetic (β) polarizabilities are defined through the second-order effective
Hamiltonian H(2). Standard text books prefer the Gauss unit system [25] whereas modern particle
physics prefers the Heaviside system. Furthermore, the Particle Data Group (PDG) [24] promotes the
SI system. A definition which is independent of the unit system reads
H(2) = −4παρel − 4πβρmag (3)
where ρel is the energy density due to the electric field, ρmag the energy density due to the magnetic
field and H(2) the energy change. The factor 4π indicates that the electromagnetic polarizabilities have
originally been defined in the Gauss unit system. Induced electric and magnetic dipole moments are
given by the variational derivatives
d = −δH
(2)
δE
, m = −δH
(2)
δH
, (4)
for the Gauss and the Heaviside system and by
d = −δH
(2)
δE
, m = −δH
(2)
δB
, (5)
for the SI system.
Table 3 contains the relevant relations valid for static electric and magnetic fields, given in the three
unit systems. The corresponding O(ω2) Compton differential cross section for a particle with charge
Table 3: The electromagnetic polarizabilities α, β defined in the Gauss unit system (~ = c = 1) and their
relations to electromagnetic field strengths expressed in different unit systems. E, H are the electric
and magnetic field strength in the respective unit system. In the SI system we also have D = ǫ0E,
B = µ0H. d and m are induced electric and magnetic dipole moments, respectively.
System H(2) d m αe = 1/137.04
Gauss −1
2
αE2 − 1
2
βH2 αE βH e2
Heaviside −1
2
4π αE2 − 1
2
4π βH2 4παE 4πβH e2/4π
SI −1
2
4π αE ·D− 1
2
4π βH ·B 4παD 4πβH e2/4πǫ0~c
Ze but without spin becomes
dσ
dΩ
= (ω′/ω)2|T (2)|2,
T (2) = ǫ · ǫ′
(−Z2e2
M
+ ωω′α¯
)
+ (ǫ× kˆ) · (ǫ′ × kˆ′) ωω′β¯ +O(ω4) (6)
if we use the Gauss system and if we denote – for a temporary distinction – the electromagnetic
polarizabilities by α¯ and β¯. In the Heaviside system α¯ and β¯ carry a factor 4π and correspondingly
1E.g., the Review of Particle Physics of 2002 [23] considers a difference between the Compton polarizabilities α¯p and
β¯p on the one hand and the polarizabilities measured via static fields αn and βn on the other, whereas the Review of
Particle Physics of 2004 [24] consistently uses α and β.
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|T (2)|2 a factor (1/4π)2. As far as necessary we will make a statement about the unit system. The
general expression for the amplitude of Compton scattering by a spin-1
2
particle up to the ω2 terms has
been derived by Petrun’kin [4].
The ”dynamic” (Compton) electromagnetic polarizabilities, α¯ and β¯, measured in Compton scat-
tering experiments, and the ”static” electromagnetic polarizabilities, α and β, measured with static
fields or with quasi-real (Q2 → 0) virtual photons are identical quantities. This is easily seen by cal-
culating the electric and magnetic field strengths provided by a real photon. Simplifying the quantum-
electrodynamic notation [25] we write the vector potential of a real photon in the form
A(r, t) = ǫNe−iωteik·r + c.c. (7)
where ǫ denotes the polarization vector of the photon, N a factor normalizing the integrated energy
density to the energy ω of one photon and c.c. stands for the complex conjugate term. Using
E(r, t) = − ∂
∂t
A(r, t), H(r, t) = ∇×A(r, t), (8)
we arrive at the conclusion that the factors (ωǫ) · (ω′ǫ′) and (ω kˆ× ǫ) · (ω′ kˆ′× ǫ′) entering into (6) may
be interpreted as products E ·E′ and H ·H′ of electric and magnetic fields, respectively.
Static electric fields E are provided with sufficient strength by heavy nuclei. Therefore, use may be
made of the differential cross section for electromagnetic scattering of slow neutrons in the Coulomb
field of heavy nuclei [3]
dσpol
dΩ
= πMp(Ze)2Rea
{
αn sin
θ
2
− e
2κ2n
2M3
(
1− sin θ
2
)}
(9)
applied in its solid-angle integrated form
σpol =
8
3
π2Mp(Ze)2Rea
{
αn − e
2κ2n
4M3
}
(10)
to determine the neutron electric polarizability αn. In (9) and (10) p is the neutron momentum and
−a the amplitude for hadronic scattering by the nucleus. The second term in the braces is due to the
Schwinger term, i.e. the term describing neutron scattering in the Coulomb field due to the magnetic
moment of the neutron only. As outlined above the two different definitions of electromagnetic polariz-
abilities are equivalent. This means that the polarizabilities measured by quasi-static electromagnetic
fields, i.e., either by using real photons to measure amplitudes for Compton scattering up to O(ω2) or
by using virtual photons in the initial state at the limit Q2 → 0 lead to the same result. As explained
above, the magnetic polarizability cannot be measured by electromagnetic scattering of slow neutrons
in a Coulomb field.
1.3 Calculations of electromagnetic polarizabilities from models of the
nucleon
The electromagnetic polarizabilities of the nucleon have attracted a great number of researchers to
calculate these quantities from nucleon models. These are the MIT bag model [26], the nonrelativistic
quark model [27] the chiral quark model [28], the chiral soliton model [29] and the Skyrme model [30].
In addition, model calculations for the charged pion have been carried out [31].
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The majority of these calculations apply the concept of internal coordinates of the nucleon which are
well defined in a nonrelativistic approach. In this nonrelativistic approach second-order perturbation
theory leads to the expressions [12, 32, 33]
α = 2
∑
n 6=0
|〈n(i)|Dz|0〉|2
E
(i)
n − E(i)0
+ Z2
e2〈r2E〉
3M
, (11)
β = 2
∑
n 6=0
|〈n(i)|Mz|0〉|2
E
(i)
n −E(i)0
− e2
∑
i
q2i
6mi
〈0|ρ2i |0〉 −
〈0|D2|0〉
2M
. (12)
These equations contain the retardation correction ∆α = Z2e2〈r2E〉/3M of the electric polarizability and
the diamagnetic susceptibility βdia = −e2
∑
i(q
2
i /6mi)〈0|ρ2i |0〉− 〈0|D2|0〉/2M in addition to the leading
terms coming from second-order perturbation theory in the long wave-length limit. In (11) and (12)
Z and M are the charge number and total mass, respectively, of the hadron and r2E the square of the
quadratic charge radius. The quantityD is the electric dipole moment andDz andMz the z-components
of the electric and magnetic dipole moments, respectively. The quantities qi, mi and ρi are the charge
fraction, the mass and the internal coordinate of the constituents inside the hadron. Recently, it has
been shown that these relations contain large uncertainties, especially in the r2E dependent retardation
correction because there are other relativistic terms of at least the same order [34]. This will be outlined
in more detail in Section 1.4.
A simple argument may be first discussed here. One of several equivalent derivations of (11) makes
use of the separation of the Compton amplitude into a Thomson amplitude calculated classically for
an extended charged sphere and an internal amplitude which – in the long wavelength limit – is given
by the first term on r.h.s. of (11). The classical treatment of Thomson scattering of photons by an
extended charged sphere leads to
T cl = T 0FE(k)FE(k
′) = T 0
(
1− 1
3
〈r2E〉ωω′ +O(ω4)
)
(13)
where T 0 is the scattering amplitude of a point-like particle and
FE(k) =
1
e
∫
d3rρ(r)eik·r (14)
is the form-factor with respect to the wave vector k of the photon. Then the second term in the
parentheses of (13) may be considered as part of the electric polarizability so that the expression on
the r.h.s. of (11) is obtained. It can be shown [35,36] that the amplitude T 0F 2E(k) is not in agreement
with forward-direction dispersion theory, i.e. it violates causality. As a consequence we conclude that
when using the expression of (11) it is necessary to take into account relativistic corrections, because
they substantionally modify the prediction. An equivalent conclusion has previously been discussed by
L’vov [3]. A possible extension of the expressions given in (11) which includes relativistic corrections
will be discussed in Section 1.4.
1.4 Effects of the Breit Hamiltonian and of the relativistic center-of-mass
variable
The difficulties discussed in the foregoing find an explanation in the fact that the retardation correction
∆α is only one of several relativistic corrections.
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In order to take into account these further relativistic corrections for the most simple case of two
charged point particles, we write the two-particle Hamiltonian with Coulomb interaction [34] in the
form
H˜ [A] = H˜nr[A] + H˜B[A] + δH˜ [A] (15)
where A is the vector potential with the Coulomb field as its time component, H˜nr[A] the nonrela-
tivistic Hamiltonian, H˜B[A] the Breit Hamiltonian and δH˜[A] a spin dependent correction to both, the
nonrelativistic Hamiltonian and the Breit Hamiltonian. For a two-particle system the nonrelativistic
Hamiltonian has the form
H˜nr[A] =
π1
2
2m1
+
π2
2
2m2
− g|r1 − r2| (16)
where πi = pi−eiA(ri) and g the coupling constant which, for two particles with electric charges e1 and
e2, is given by g = −e1e2 > 0. This means that the unit system e2 = 1/137.04, ~ = c = 1 is used. The
Breit Hamiltonian takes into account relativistic corrections in lowest order. These are corrections to
the kinetic energies of the particles and corrections to the Coulomb field which has to be supplemented
by the space component of the vector potential. This latter correction frequently is termed “magnetic
quanta exchange”. For two particles the Breit Hamiltonian may be written in the form [37]
H˜B[A] = −(π
2
1)
2
8m31
− (π
2
2)
2
8m32
+
g
2m1m2
(
δij
r
+
rirj
r3
)
πi1π
j
2. (17)
The spin dependent correction δH˜[A] takes into account the effects of the magnetic moments of the
two particles coming into play because of the non-vanishing space component of the vector potential.
As discussed in detail in [34] also the internal dipole moment
D = e1r1 + e2r2 − (e1 + e2)Rcm (18)
needs a relativistic correction because of the center-of-mass vector Rcm which has to be defined to
satisfy the relations
[Rcm,P] = i, i[Htot,Rcm] =
P
Htot
. (19)
Here, Htot is the total relativistic Hamiltonian of the system and P the total momentum. This leads to
the center of mass operator
Rcm = R+
(m2 −m1)
2M2
(
{r, Hnr}+ g r
r
)
(20)
with r1 = R+
m2
M
r, r2 = R− m1M r, M = m1 +m2 and the notation {a, b} = ab+ ba.
For a two-particle system with charges e1 and e2 the following results are obtained
α0nr =
9
2µg4
(
e1
m1
− e2
m2
)2
, (21)
∆α =
e1 + e2
Mg2
(
e1
m21
+
e2
m22
)
, (22)
α0B = − 1
g2
(
e1
m1
− e2
m2
)2(
121
6µ
− 113
4M
)
− e1 + e2
Mg2
(
e1
m1
− e2
m2
)
m1 −m2
2m1m2
, (23)
where µ = m1m2/(m1 +m2). The first term (21) corresponds to the nonrelativistic result of second-
order perturbation theory, the second (22) to the retardation correction and the third (23) to the Breit
correction. The correction due to spins has not been given consideration here.
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Applying these formulae to a hydrogen-like atom with charge number Z and mass M we arrive at
the following results
α0nr =
9
2
1
Z4
a3H,
∆α = −me
M
Z − 1
Z2
α2e a
3
H,
α0B = − 1
Z2
121
6
α2e a
3
H, (24)
where me is the electron mass and aH the Bohr radius of the hydrogen atom. The negative ∆α is a
consequence of the negative electron charge. These formulae show that the retardation correction ∆α
is much smaller than the Breit correction α0B for any charge number Z. For Z = 1 α0nr provides the
by far largest contribution to the electric polarizability. With increasing Z the Breit correction leads
to a large negative contribution. Due to the cancellation between α0nr and α0B the calculated electric
polarizability becomes small and even becomes equal to zero for Z = 65 or Zα = 0.47. We interpret
this result as a consequence of the fact that the Breit correction is valid for Zα≪ 1 only.
Summary: Electric polarizabilities evaluated from experiments using static electric fields were oc-
casionally assumed to be identical with the “true” electric polarizability α0, a quantity given by the
first term on r.h.s. of (11). The error contained in this identification has already been discussed and
corrected by L’vov [3]. This quantity merely is an incomplete nonrelativistic decription of the electric
polarizability but not a physical observable. Furthermore, also the inclusion of the second term on
the r.h.s. of (11) does not lead to a reasonable expression because of missing relativistic corrections.
Finally, the polarizabilities α and β measured – or at least defined – by static electromagnetic fields are
identical to the polarizabilties α¯ and β¯ measured by Compton scattering.
1.5 Chiral perturbation theory
Electromagnetic polarizabilities have been calculated in chiral perturbation theory (χPT) in a series of
papers [38]. In a leading-order relativistic χPT calculation, it was obtained
αp =
e2g2piN
192π3M3
{
5π
2µ
+ 18 lnµ+
33
2
+O(µ)
}
= 7.4,
βp =
e2g2piN
192π3M3
{
π
4µ
+ 18 lnµ+
63
2
+O(µ)
}
= −2.0,
αn =
e2g2piN
192π3M3
{
5π
2µ
+ 6 lnµ− 3
2
+O(µ)
}
= 10.1,
βn =
e2g2piN
192π3M3
{
π
4µ
+ 6 lnµ+
5
2
+O(µ)
}
= −1.2, (25)
where µ = mpi/M is the pion-nucleon mass ratio. In (25) the numerical values correspond to the full
calculation whereas the first three terms in the braces represent a semi-relativistic expansion up to and
including next-to-leading order terms. This finding was explained [39] by using dispersion relations. The
analog to chiral perturbation theory as underlying the results given in (25) is to carry out a calculation
in terms of a dispersion theory where recoil corrections are included and the meson photoproduction
amplitudes are used in the Born approximation. The results obtained in this way from dispersion theory
are αp = 7.3, βp = −1.8, αn = 9.8, βn = −0.9 in reasonable agreement with the numbers in (25).
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To leading order the results given in (25) have been summarized (see e.g. [1, 40, 41]) in the form
αp = αn = 10βp = 10βn =
5
96π
(
gA
fpi
)2
αe
mpi
≃ 12.6 · 10−4fm3 (26)
where use has been made of the Goldberger-Treiman relation gpiNfpi = gAM , with gA being the axial
coupling of the nucleon and fpi the pion-decay constant. The relation given in (26) was found to be
exactly identical to the result of a calculation in heavy baryon χPT (HBχPT) [42]. The calculation
carried out in HBχPT was extended beyond the one-loop approach [43] yielding αp = 10.5 ± 2.0,
βp = 3.5± 3.6, αn = 13.4± 1.5 and βn = 7.8± 3.6. All terms up to order O(q4) were included. At this
order counter terms enter which were determined by several different procedures.
Subsequent attempts to overcome the shortcoming of the missing ∆ contribution in terms of a “small
scale expansion” (SSE) [44] led to αp = 16.4 and βp = 9.1 where both numbers are much larger than
the experimental results. Attempts to reproduce the predictions of Baldin’s sum rule [10] for α+β have
been published in [45], emphasizing the need for relativistic chiral EFT calculations. Recent calculations
on differential cross sections for Compton scattering by the nucleon [46, 47] have in common that free
parameters are introduced, corresponding to counter-terms of unnatural size [46]. A counter-term of
unnatural size signals the fact that the theory fails because of physics beyond the theory [46]. It remains
to be a challenge for the χPT community to find out what this missing physics is2
1.6 Diagrammatic description of Compton scattering and dispersion the-
ories
The foregoing approaches have in common that they start from a given set of degrees of freedom of the
nucleon and calculate the electromagnetic polarizabilities in theoretical frameworks which in general
contain further approximations. A more satisfactory approach of course would be to start from a
phenomenological description of the structure of the nucleon and to relate the information obtained to
polarizability and Compton scattering without further approximations. The appropriate tools for this
latter approach are provided by dispersion theories.
  +   +   +   + 
  + 
  + 
  +   + .  .  .
a) b) c) d)
e) f) g)
pi σ0
Figure 2: a) and b): Born terms, c) and d): scattering through isobar excitation, e) scattering through
excitation of the pion cloud, f) scattering via exchanges of pseudoscalar mesons in the t-channel, g)
scattering via exchanges of scalar mesons in the t-channel.
In a diagrammatic approach Compton scattering by the nucleon is described by a series of graphs
which give an overview over the processes related to Compton scattering. An example is given in Figure
2Among other aspects it is of importance to know that χPT includes the graph f) of Figure 2 but does not explicitly
include the graph g).
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Figure 3: Total photo-absorption cross section of the proton disentangled into multipole components.
2 containing the selection of graphs given by Drechsel et al. [1]. These graphs denote the Born term a)
and its crossing partner b), the scattering through the excitation of isobars c) and the crossing partner
d), and the scattering through the meson cloud e). This latter graph is one example of a larger number
of graphs as discussed in chiral perturbation theory. The graphs f) and g) depict scattering through
exchanges of pseudoscalar and scalar mesons in the t-channel, respectively.
The Born terms a) and b) involve the scattering through the electric charge and magnetic moment
of the nucleon without excitation of the internal structure. This process may be viewed as classical
Thomson scattering, approximating a high-energy process where the virtual creation and annihilation
of a nucleon-antinucleon pair in the field of the scattering nucleon is involved.
The physical meaning of graphs c) to e) is illustrated in Figures 3 and 4. The M1-strength leading
to a strong source of paramagnetism is provided by the P33(1232) or ∆ resonance. The E1-strength
has a nonresonant component due to single-pion photoproduction, supplemented by a high-energy tail
of double- and many-pion photoproduction which presumably is also mainly of E1 multipolarity. The
nonresonant single-pion component may be identified with the meson-cloud contribution to the electric
polarizability, illustrating the common supposition that the electric polarizability is mainly generated
by the meson cloud. A further smaller amount of E1-strength is provided by the D13(1520) resonance.
The E2-strength of the F15(1680)-resonance makes contributions to the electric as well as the magnetic
polarizability.
Graph f) in Figure 2 represents the so-called pion pole term as introduced by Low in 1958 [48]. The
idea is that not the isobar-meson structure of the nucleon is excited as discussed above. Instead, a π0
meson is created in the intermediate state which then couples to the incoming and outgoing photon on
the one side and to the nucleon on the other. Because of the small widths of the π0 meson resonance,
this contribution to the Compton scattering process can be described by a pole located at positive
t = m2pi in the Mandelstam plane (t-channel).
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The main (giant) resonances of the nucleon
in the harmonic oscillator model
l=0,2
l=1
F15 (1680)   |D5/2>
D13 (1520)   |P3/2>
P11 (1440)   |S1/2>
P33 (1232)   |S3/2>+|D3/2>
P11 ( 939)    |S1/2>+|D1/2>
M1+E2
E1
E2 S11 (1535)
1
2
3
4
5
6
-1-2 1 2
l=0
Figure 4: The main (giant) resonances of the nucleon in a diquark-quark harmonic oscillator model.
The lines inside the parabola denote the harmonic oscillator states. The lines on the right side indicate
the centers of the resonant states. The observed widths of these states are generated through emission
and reabsorption of pions by the constituent quarks.
The scalar analogue of the pseudoscalar π0 pole term depicted in g) has first been discussed by Hearn
and Leader in 1962 [49]. These authors pointed out that in addition to the pion pole a continuum of
two-pion states should make a contribution to Compton scattering. Since these two-pion states do
not form a particle with a narrow width, the mathematical tools necessary for the description of this
contribution have to be somewhat different. Nevertheless, it was discussed very early (see e.g. [50])
that these two-pion states possibly may form some kind of a broad resonance with an energy of about
600 MeV. Nowadays this resonance is identified with the pole-structure seen in π-π phase-analyses of
data obtained in πN → N ππ scattering experiments. It appears possible that the meaning of graph
g) in Figure 2 goes beyond the physics suggested by this graph. As will be explained in more detail
later, the interpretation of the graph g) of Figure 2 in terms of correlated π pairs is incomplete. Only
part of the strength seems to be exhausted by the |ππ〉 component whereas an other part correspond
to a “core” component of probably |qq¯〉 structure [51]. This important finding will be worked out and
substantiated in more detail in our ongoing work [52].
2 Forward and backward Compton scattering and related phe-
nomena
The physics of polarizability and Compton scattering can be understood best when considering the
extreme forward and extreme backward directions. Indeed, the relevant phenomena show up very
transparently in these two cases whereas for experimental purposes, of course, intermediate angles have
to be used. Our concept, therefore, is to first consider forward and backward scattering and then to
develop the tools to cover also intermediate angles.
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The differential cross section for Compton scattering
γN → γ′N ′ (27)
may be written in the form [54]
dσ
dΩ
= Φ2|Tfi|2 (28)
with Φ = 1
8piM
ω′
ω
in the lab frame and Φ = 1
8pi
√
s
in the c.m. frame (
√
s = total energy). For the
following discussion it is convenient to use the lab frame and to consider special cases for the amplitude
Tfi. These special cases are the extreme forward (θ = 0) and extreme backward (θ = π) direction where
the amplitudes for Compton scattering may be written in the form [54]
1
8πM
[Tfi]θ=0 = f0(ω)ǫ
′∗ · ǫ+ g0(ω) iσ · (ǫ′∗ × ǫ), (29)
1
8πM
[Tfi]θ=pi = fpi(ω)ǫ
′∗ · ǫ + gpi(ω) iσ · (ǫ′∗ × ǫ). (30)
For circularly polarized photons the polarization vectors ǫ may be represented in terms of a linearly
polarized basis eˆx and eˆy. The most frequently used form of this representation is
ǫλ =
1√
2
(−λeˆx − ieˆy), λ = ±1, (31)
where λ is the photon helicity [55]. Linearly polarized photons with electric vectors perpendicular or
parallel to the x-z reaction plane have polarization vectors ǫ⊥ and ǫ‖, respectively, where
ǫ⊥ = eˆy =
i√
2
(ǫ+ + ǫ−),
ǫ‖ = eˆx = − 1√
2
(ǫ+ − ǫ−). (32)
For linearly polarized photons the relations (29) and (30) remain valid if we interpret ǫ and ǫ′ as
polarization vectors for linear polarization.
The process described in (29) is the transmission of linearly polarized photons through a medium as
provided by a proton with spin vector σ parallel or antiparallel to the direction of the incident photon
with rotation of the direction of linear polarization [56]. The amplitudes f0 and g0 correspond to the
polarization components of the outgoing photon parallel and perpendicular to the direction of linear
polarization of the incoming photon. The interpretation of (30) is the same as that of (29) except for
the fact that the photon is reflected. In case of forward scattering (29) the origin of the rotation of the
direction of linear polarization may be related to the alignment of the internal magnetic dipole moments
of the nucleon and in this sense the process may be considered as a Faraday effect. In case of backward
scattering (30) a large portion of the relevant phenomenon is of a completely different origin which will
be studied in detail in the following. It is important to realize that in contrast to frequent belief there
is no flip of any spin in the two cases of Compton scattering. The factor σ in the second terms of the
two equations may be interpreted as a spin dependence of scattering in the sense that the direction of
rotation of the electric vector changes sign (from e.g. clock-wise to anti clock-wise) when the spin of
the target nucleon is reversed.
The two scattering processes may also be related to the two states of circular polarization, i.e.
helicity amplitudes for forward and backward Compton scattering. Here, we first restrict the discussion
to the well known case of forward scattering [56]. The equally important case of backward scattering
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is more complicated and will be considered later. If the photon and nucleon spins are parallel (photon
helicity λγ = +1, nucleon helicity λN = −12 , and net helicity in the photon direction λ = λγ − λN = 32)
then the amplitude is
f
3/2
0 (ω) = f0(ω)− g0(ω), (33)
while for the spins being anti-parallel (photon helicity λγ = +1, nucleon helicity λN = +
1
2
, and net
helicity along the photon direction λ = λγ − λN = +12) the amplitude is
f
1/2
0 (ω) = f0(ω) + g0(ω). (34)
The amplitudes f
3/2
0 and f
1/2
0 are related by the optical theorem to the total cross sections σ3/2 and
σ1/2 for the reaction
γ +N → N∗ → N +mesons + radiative decay of N∗
(see Section 4.1) when the photon spin is parallel or anti-parallel to the nucleon spin:
Imf
3/2
0 (ω) =
ω
4π
σ3/2(ω), (35)
Imf
1/2
0 (ω) =
ω
4π
σ1/2(ω). (36)
Therefore,
Im f0(ω) =
ω
4π
σ1/2(ω) + σ3/2(ω)
2
=
ω
4π
σtot(ω), (37)
Im g0(ω) =
ω
4π
σ1/2(ω)− σ3/2(ω)
2
=
ω
8π
∆σ(ω), (38)
where σtot(ω) = (σ1/2 + σ3/2)/2 is the spin averaged total cross section and ∆σ = σ1/2 − σ3/2.
2.1 Definition of polarizabilities
Following Babusci et al. [54] the equations (29) and (30) can be used to define the electromagnetic
polarizabilities and spin-polarizabilities as the lowest-order coefficients in an ω-dependent development
of the nucleon-structure dependent parts of the scattering amplitudes:
f0(ω) = −(e2/4πM)q2 + ω2(α + β) +O(ω4) (39)
g0(ω) = ω
[−(e2/8πM2) κ2 + ω2γ0 +O(ω4)] (40)
fpi(ω) =
(
1 + (ω′ω/M2)
)1/2
[−(e2/4πM)q2 + ωω′(α− β) +O(ω2ω′2)] (41)
gpi(ω) =
√
ωω′[(e2/8πM2)(κ2 + 4qκ+ 2q2) + ωω′γpi +O(ω2ω′2)] (42)
where qe is the electric charge (e2/4π = 1/137.04), κ the anomalous magnetic moment of the nucleon
and ω′ = ω/(1 + 2ω
M
).
In the relations for f0(ω) and fpi(ω) the first nucleon structure dependent coefficients are the photon-
helicity non-flip (α + β) and photon-helicity flip (α − β) linear combinations of the electromagnetic
polarizabilities α and β. In the relations for g0(ω) and gpi(ω) the corresponding coefficients are the spin
polarizabilities γ0 and γpi, respectively.
In principle it is possible to define polarizabilities related to higher orders in ω. We do not consider
these higher-order polarizabilities is this paper. For a discussion of these higher-order polarizabilities
we refer to [1, 2, 53, 54] and references therein.
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2.2 Sum-rules for the forward direction
Sum-rules for the forward direction are derived from Cauchy’s theorem which may be formulated in the
form [57, 58]
ReF (ω) =
1
π
P
∫ +∞
−∞
ImF (ω′)
ω′ − ω dω
′ + C(∞), (43)
where the principal value integral runs along the real ω axis and is closed by a contour contribution
C(∞) which in general is nonzero. However, for the present consideration we make the assumption that
this contour (or asymptotic) contribution is equal to zero, i.e. we apply the no-subtraction hypothesis
C(|ω| → ∞)→ 0. In case this hypothesis is valid, (43) may be written in the form
ReF (ω) =
1
π
∫ ∞
0
−ImF (−ω′)
ω′ + ω
dω′ +
1
π
P
∫ ∞
0
ImF (ω′)
ω′ − ω dω
′. (44)
Crossing symmetry [57]
F (−ω) = F ∗(ω). (45)
implies that
ImF (−ω) = −ImF (ω). (46)
Inserting (46) into (44) we arrive at
ReF (ω) =
2
π
P
∫ ∞
0
ω′ ImF (ω′)
ω′2 − ω2 dω
′ =
1
2π2
P
∫ ∞
ω0
ω′2σtot(ω′)
ω′2 − ω2 dω
′, (47)
where ω0 is the threshold energy below which the total photo-absorption cross section is equal to zero.
Applying the same procedure to the function F1(ω) defined through
ω2F1(ω) = f0(ω) + (e
2/4πM)q2 = ω2(α+ β) +O(ω4) (48)
and also make use of the crossing symmetry (45) for F1(ω), we arrive at
Ref0(ω) + (e
2/4πM)q2 =
ω2
2π2
P
∫ ∞
ω0
σtot(ω
′)
ω′2 − ω2dω
′ (49)
and
α + β =
1
2π2
∫ ∞
ω0
σtot(ω
′)
ω′2
dω′. (50)
Similarly, for the function F2(ω) defined through
ωF2(ω) = g0(ω) = −ω e
2κ2
8πM2
+O(ω3) (51)
we arrive at
Re g0(ω) =
ω
4π2
P
∫ ∞
ω0
ω′∆σ(ω′)
ω′2 − ω2 dω
′ (52)
and
2π2αeκ
2
M2
=
∫ ∞
ω0
σ3/2(ω)− σ1/2(ω)
ω
dω; αe = 1/137.04. (53)
Applying a Taylor expansion to (52) and making use of (40) we arrive at
γ0 = − 1
4π2
∫ ∞
ω0
σ3/2(ω)− σ1/2(ω)
ω3
dω. (54)
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It should be noted that in (48) to (54) the no-subtraction hypothesis applies to the function F1(ω) and
F2(ω).
The sum rule given in (50) was first derived by Baldin [10] and later discussed in more detail by
Lapidus [59]. It, therefore, appears justified [3] to call it the “BL” sum rule. The sum rule (53)
has independently been derived by Gerasimov [60] and Drell and Hearn [61]. A further independent
derivation in terms of current algebra has been given by Hosada [62]. It has become customary to call
it the “GDH” sum rule.
2.3 Properties of amplitudes for the backward direction
In order to arrive at general properties of scattering amplitudes for the backward direction we make
use of the fact that in the forward and backward directions Compton scattering takes place via photon-
helicity non-flip and photon-helicity flip amplitudes, respectively. Denoting the corresponding scattering
amplitudes by T1,1 and T1,−1, respectively, we apply the usual partial wave expansion of the helicity
amplitudes [36, 63, 64]
T1,±1(ω, θ) =
∞∑
L=1
TL1,±1(ω)d
L
1,±1(θ) (55)
with dL1,±1(θ) being the d-functions, having the special values
dL1,+1(θ = 0) = 1, (56)
dL1,−1(θ = π) = (−1)L−1. (57)
The partial waves TL1,±1(ω) contain electric (T
EL) and magnetic (TML) multipoles:
TL1,±1(ω) = T
EL(ω)± TML(ω). (58)
This leads to the equations
T1,+1(ω, θ = 0) =
∞∑
L=1
[
TEL(ω) + TML(ω)
]
, (59)
T1,−1(ω, θ = π) =
∞∑
L=1
(−1)L−1 [TEL(ω)− TML(ω)] ,
= T∆P=yes(ω)− T∆P=no(ω), (60)
where ∆P = yes and ∆P = no denote excitation processes with parity change (∆P = yes : E1,M2, E3, · · · )
and parity nonchange (∆P = no : M1, E2,M3, · · · ), respectively. Applying the optical theorem in the
generic form3 ImF (ω) = (ω/4π)σ(ω) these properties can be used to supplement the relations (37) and
(38) by
Imfpi(ω) =
ω
4π
[σ(ω,∆P = yes)− σ(ω,∆P = no)] , (61)
Imgpi(ω) =
ω
8π
[∆σ(ω,∆P = yes)−∆σ(ω,∆P = no)] ,
≡ ω
8π
{[σ1/2(ω,∆P = yes)− σ1/2(ω,∆P = no)],
−[σ3/2(ω,∆P = yes)− σ3/2(ω,∆P = no)], }
≡ ω
8π
∑
n
Pn[σ
n
3/2(ω)− σn1/2(ω)] (62)
3This is a formal use of the optical theorem. In a physical sense the optical theorem is only valid in the forward
direction.
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with Pn = +1 for ∆P = no and Pn = +1 for ∆P = yes. Eq. (61) has been used to derive a sum rule
for α−β. Its first formulation was published by Bernabeu, Ericson and Ferro Fontan [65], its final form
was first given by Bernabeu and Tarrach [66]. It, therefore, appears justified to call it the “BEFT” sum
rule. Eq. (62) was used by L’vov and Nathan [67] to derive a sum rule for γpi, which may be called the
“LN” sum rule.
We will see later that these four sum rules, e.g. “BL”, “GDH”, “BEFT”, and “LN”, contain very
important information for an understanding of the polarizability of the nucleon. The following parts of
this section will be devoted to a description of phenomena which are essential for these sum rules. For
the derivation of the “BEFT”, and “LN” sum rules dispersion theories for nonzero angle are needed
which will be discussed in Section 3.
2.4 Mandelstam variables
The conservation of energy and momentum in nucleon Compton scattering
γ(k, λ) +N(p)→ γ′(k′, λ′) +N ′(p′) (63)
is given by
k + p = k′ + p′ (64)
where the four-momenta may be expressed through the energies and three-momenta in the form k =
(ω,k), k′ = (ω′,k′), p = (E,p) and p′ = (E ′,p′). The metric is chosen such that k2 = ω2 − k2 = 0,
p2 = E2 − p2 = M2 which analogous expressions for the final states.
Let us introduce the three Mandelstam variables
s = (k + p)2 = (k′ + p′)2, (65)
t = (k − k′)2 = (p′ − p)2, (66)
u = (k − p′)2 = (k′ − p)2. (67)
They are constrained by the relation
s+ t+ u = 2M2. (68)
which follows from the energy-momentum relations given above.
It is useful to introduce one other variable
ν =
s− u
4M
(69)
which may replace s and u via
ν =
s−M2 + t/2
2M
, (70)
−ν = u−M
2 + t/2
2M
. (71)
Furthermore, we have
ν = Eγ +
t
4M
=
1
2
(Eγ + Eγ′), (72)
sin2
θs
2
= − st
(s−M2)2 (73)
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where Eγ and Eγ′ are the energies of the initial and final photon in the laboratory and θs the c.m.
scattering angle of Compton scattering (s-channel). The definition of θs is illustrated in the left panel
of Figure 5. It should be noted that the definition given in (73) may lead to scattering angles outside the
“physical range” −1 ≤ cos θs ≤ +1 [68]. Unphysical ranges may be of importance for the completeness
of dispersion integrals and the definition given in (73) provides the tool for the analytical continuation.
k
k
s-channel t-channel
k kp
p
p
p
Θ Θs t
’
’
1
1
2
2
Figure 5: Left panel: Definition of the c.m. scattering angle of Compton scattering (s-channel). Right
panel: Definition of the c.m. scattering angle of a two-photon fusion process (t-channel). The quantities
k are three-momenta of photons, the quantities p three-momenta of nucleons.
The t-channel corresponds to the fusion of two photons with four-momenta k1 and k2 and helicities
λ1 and λ2 to form a t-channel intermediate state |t〉 from which – in a second step – a proton-antiproton
pair is created. The corresponding reaction may be formulated in the form
γ(k1, λ1) + γ(k2, λ2)→ N¯(p1) +N(p2). (74)
For Compton scattering the related NN¯ pair creation-process is only virtual, i.e. the energy is too low
to put the proton-antiproton pair on the mass shell. This means that we have to treat the process
described in (74) in the unphysical region. The s-channel to t-channel transition may be summarized
as follows
k → k1 ǫ→ ǫ1, (75)
k′ → −k2 ǫ′∗ → ǫ2, (76)
p→ −p1 u(p)→ v(p1), (77)
p′ → p2 u(p′)→ u(p2), (78)
where u(p), u(p′) and u(p2) denote nucleon states and v(p1) an antinucleon state. The sign changes in
(76) and (77) mean that instead of an outgoing photon γ′ there is a second incoming photon γ2 and
instead of an incoming nucleon N there is an outgoing antinucleon N¯ .
The sign change in (76) when replacing the four-momentum of the outgoing scattered photon by the
four-momentum of a second incoming photon leads to the following relations between photon-helicities
λ→ λ1, (79)
λ′ → −λ2, (80)
∆λsγγ ≡ |λ− λ′| = 0→ ∆λtγγ ≡ |λ1 − λ2| = 2, (81)
∆λsγγ ≡ |λ− λ′| = 2→ ∆λtγγ ≡ |λ1 − λ2| = 0. (82)
The case described in (81) is given in forward Compton scattering (θs = 0) , the case described in
(82) in backward Compton scattering (θs = π). Forward Compton scattering may be related to a
two-photon fusion process where the helicity difference of the two photons is equal to 2. Backward
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Compton scattering, on the other hand, may be related with a two-photon fusion process where the
helicity difference of the two photons is 0. For sake of completeness we give the following relation for
the t-channel scattering angle
cos θt =
s+ 1
2
t−M2
1
2
√
t(t− 4M2) ≡
4Mν√
t(t− 4M2) . (83)
For θs = π we have 16M
2ν2 = t(t − 4M2) and, therefore4, cos θt = −1. As in case of cos θs also cos θt
is the essential variable for analytical continuations. In the c.m. system of the two photons k1 and k2
the quantity t has the meaning of a total energy squared:
t = (k1 + k2)
2 = (ω1 + ω2)
2 = (W t)2. (84)
2.5 Selection rules and photon-polarization correlations of t-channel in-
termediate states
For the discussion of properties of the t-channel it is useful to study the selection rules for spins, parities
and photon-polarization correlations of mesons decaying into two photons.
Following early work of Landau [69] the problem of selection rules and photon-polarization correla-
tion was treated by C.N. Yang [70] in its general form. In [70] two-photon decay of JPC = 3++, 5++, · · ·
mesons was discussed without a definite statement about the correlation of linear polarizations. The
necessary completion was possible using the formulae given in [70]. The results obtained in this way
are summarized in the following.
The polarization correlation can be formulated in terms circular and linear polarization. In terms
of circular polarization the states are denoted by ψRR ,ψLL, ψRL and ψLR, where, e.g., RR means
that the two photons going into +z and −z direction, respectively, both are righthanded circular,
i.e. they have positive helicity. The linear combinations ψ1 to ψ4 of these states describe two-photon
states with definite linear polarization-correlation, where symmetric linear combinations correspond
to parallel linear polarization of the two photons and antimetric linear combinations to perpendicular
linear polarization. It is easy to see that ψ2 = ψ
RR −ψLL has negative parity whereas the other states,
ψ1, ψ3 and ψ4 have positive parity. The states ψ
RR and ψLL correspond to t-channel helicity differences
of ∆λtγγ = 0, the states ψ
RL and ψLR to ∆λtγγ = 2. Furthermore, two-photon decay implies that the
C-parity quantum number is C = +1. Collecting all pieces of information we arrive at Table 4.
Table 4: Selection rules and photon-polarization correlations of meson decaying into two photons.
γγ-state γγ-polarization ∆λtγγ ∆λ
s
γγ quantum numbers
ψ1 = ψ
RR + ψLL parallel 0 2 JPC = 0++, 2++, 4++, · · · fpi
ψ2 = ψ
RR − ψLL perpendicular 0 2 JPC = 0−+, 2−+, 4−+, · · · gpi
ψ3 = ψ
RL + ψLR parallel 2 0 JPC = 2++, 4++, 6++, · · · f0
ψ4 = ψ
RL − ψLR perpendicular 2 0 JPC = 3++, 5++, 7++, · · · g0
4There should be a ± sign in front of cos θt indicating that the photons γ1 and γ2 are indistinguishable so that θt and
pi − θt are physically equivalent. We will follow the convention to use the − sign.
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The helicity differences ∆tγγ and ∆
s
γγ (Eqs. (81) and (82)) and the γγ-polarization correlations cor-
responding to the four states Ψ1, ..,Ψ4 coincide with the properties of the four scattering amplitudes
fpi, gpi, f0, g0, respectively. This means that the respective quantum numbers J
PC (J=spin, P=parity,
C = C-parity) given in Table 4 may be attributed to the t-channel intermediate states of these ampli-
tudes. Making use of the reasonable assumption that the lowest spin quantum number J is the most
relevant one we arrive at the t-channel intermediate states given in Table 5.
Table 5: t-channel intermediate states.
JPC exchanged particles
fpi(ω) 0
++ σ(600), f0(980), a0(980)
gpi(ω) 0
−+ π0(135), η(547), η′(958)
f0(ω) 2
++ Pomeron IP, f2(1270), a2(1320)
g0(ω) : 3
++ mesons not known
2.6 Properties of scalar mesons
It may be expected that the dominating t-channel contributions to the amplitudes fpi and gpi result
from the mesons with lowest angular momenta, i.e. JPC = 0++ and JPC = 0−+, respectively, as shown
in Table 5. In contrast to the pseudoscalar mesons π0, η, η′ which have comparatively small widths,
the scalar counterparts f0(600), a0(980) and f0(980) have open two-particle hadronic channels and,
therefore, have large widths. For the pseudoscalar mesons the |qq¯〉 structure in the 1S0 spectroscopic
state is the generally adopted description of the internal structure. For the scalar mesons the 3P0 |qq¯〉
content of the wave-function may be of minor importance, whereas the major part of the wave-function
may be due to the two-meson configurations, also showing up in the decay-channel and the two-meson
configurations with thresholds above the resonance energies.
An up-to-date description of the properties of scalar mesons is given by the Particle Data Group [24].
In connection with the interpretation of Compton scattering the f0(600) meson is the most relevant one
in the scalar sector. We, therefore, restrict the following discussion to the f0(600) meson.
2.6.1 Historical introduction to the f0(600) or σ
The iso-singlet (isoscalar I = 0) scalar (J = 0) σ meson was introduced theoretically by Schwinger in
1957 [71] as a supplement of the π meson. The σ meson was predicted [71] to have strong interactions
and, therefore, should immediately disintegrate into two π mesons thus making the experimental obser-
vation difficult. This difficulty was considered as the explanation for the fact that the σ meson had not
been found in experiments. On the other hand the theoretical arguments were considered firm enough
to be convinced that this particle should exist. Extending the arguments of Schwinger, Gell-Mann and
Levi [72] developed the σ model in its linear and nonlinear versions.
Later, the existence of the σ meson was suggested in the one-boson-exchange potential model of
nuclear forces [73], where it was introduced to supply the attraction between nucleons at intermediate
distances. Fits of the NN partial-wave phase-shift led to a mass of mσ ≈ 500− 600 MeV.
The σ meson was also introduced in relation [74] with the dynamical symmetry breaking of QCD
based on the Nambu-Jona-Lasinio model, making a prediction for the σ mass of mσ ≈ 600− 700 MeV.
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In spite of the very strong demands on the side of the theory for the existence of the σ meson the
experimental verification was considered uncertain for a long time, mainly based on negative results [75]
of ππ scattering phase-shift analyses. This failure was explained later [76] to be a consequence of not
considering the cancellation mechanism between the resonant (Breit-Wigner type) part of the σ meson
ππ phase-shift δ00 and a nonresonant (repulsive core type) ππ phase-shift, also contributing to δ
0
0. This
will be discussed in more detail in Section 2.6.2.
In the 2002 edition, the PDG group [23] has given the σ meson the status of a particle, f0(600),
with a mass assignment5. This mass assignment may be understood as a nominal value, the meaning of
which will be explained in Sections 2.6.2. and 2.6.3. Of the large number of the experimental aspects
of the σ meson we only discuss those which are of importance for our purposes.
2.6.2 The f0(600) or σ in the π +N → Nππ reaction
Figure 6: Fit to I = 0 S-wave ππ scattering phase-shift δ00 according to Ishida [79]. The fit takes into
account a hard-core (seagull type) component δBG shown as a dotted curve in the lower part of the
figure and a resonant (Breit-Wigner type) component shown in the upper part of the figure as a dashed
curve labeled σ-particle
Of the more recent analyses [77] of the reaction π+N → Nππ in terms of ππ scattering we want to
inspect the ones given in [78] and [79] in more detail. In [78] the analysis of the ππ scattering amplitude
is based on chiral perturbation theory starting from the observation that chiral symmetry determines
the low energy behavior of the ππ scattering amplitude to within very small uncertainties. According
to this analysis the σ meson ππ phase-shift δ00 consists of a superposition of a resonant (pole) part and
a nonresonant part stemming from a repulsive core. The destructive interference of the two parts leads
to a 90◦ crossing of the scalar phase at (844± 13) MeV. This result is summarized in the second line of
Table 6.
5In the foregoing editions only a mass range, viz. 400–1200 MeV, was given.
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Table 6: Position of the σ(600) pole, and 90◦ crossing of the scalar phase. Supplement a) is an estimate
provided by the present author.
√
s(pole)[MeV ]
√
s(δS = 90
◦) reference
(470± 30)− i(295± 20) 844± 13 MeV [78]
(585± 20)− i(193± 35) ∼900 MeV [79]
PDG summarya) recommended
(500± 40)− i(250± 40) average [24]
a) supplemented by estimated errors.
In the second approach [79] the analysis of the phase-shift δ00 of the ππ scattering amplitude is based
on the Interfering Amplitude method, where the total phase-shift δ00 below mpipi ≃ 1 GeV is represented
by the sum of the component phase-shifts,
δ00 = δσ + δBG + δf0 . (85)
This analysis is shown in Figure 6. The term δσ is from the attractive resonant (Breit-Wigner type) part
of the ππ scattering amplitude of the σ meson and δBG from the background non-resonant repulsive
ππ amplitude which is taken phenomenologically to be of the hard-core type. The term δf0 is from
the f0(980) Breit-Wigner amplitude with comparatively narrow width. This part has to be separately
determined and eliminated by subtraction. The combined phase-shift δσ + δBG passes 90
◦ at about ∼
900 MeV as listed in the third line of Table 6.
2.6.3 The f0(600) or σ in the γ + γ → π+π− reaction
Figure 7 shows experimental data on the two-photon fusion reaction γ + γ → π+ + π− and their
decomposition into components. At threshold the main part of the cross section is due to the Born
term which may be viewed as the production of two uncorrelated point-like pions. The Born term is
superimposed by a pion-structure dependent term which – at threshold – may be expressed through the
polarizabilities of the pion. It should be noted that there is no clear indication of a bump-like structure
at 600 MeV which could be attributed to a f0(600) particle. But there is a prominent bump at 1270
MeV corresponding to the tensor meson f2(1270). According to Tables 4 and 5 this tensor-meson may
be related to the forward Compton scattering amplitude f0 and its extension to larger angles. This will
be discussed in Section 2.7.1.
2.6.4 The f0(600) or σ in the γγ → π0π0 reaction
Unknown parameters of the S-wave ππ interaction, represented as a broad Breit-Wigner resonance,
have recently been determined [81] from fits to the experimental data [82] for the γγ → π0π0 process
using dispersion relations. For the reaction γγ → π0π0 the Born term is equal to zero and the main
contribution is determined by the S-wave of ππ interaction. For the fit to the experimental data there
are five free parameters: the mass, the full width and the decay width of the σ meson into γγ and the
sum and the difference of π0 meson polarizabilities. The adopted set of parameters [83] obtained in this
way are given in Table 7.
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Figure 7: Total cross section for the γγ → π+π− process as function of the c.m. energy and the
analysis given by Drechsel et al. [80]: Born terms (dotted line), Born amplitude with unitarized s-wave
(dashed-dotted line), f2(1270) resonance contribution (dashed line), and total cross section (full line).
Table 7: Parameters of the σ meson obtained from fits [81] to the experimental data [82] of the process
γγ → π0π0
mσ (MeV) Γσ (MeV) Γσ→γγ (keV) (α + β)pi0 (α− β)pi0
547± 45 1204 ± 362 0.62 ± 0.19 0.98±0.03 −1.6 ± 2.2
2.7 Regge phenomenology and Compton scattering
Regge phenomenology has been introduced in connection with hadronic reactions but is also widely
used in connection with photo-absorption and Compton scattering. Though attempts have been made
to replace Regge phenomenology by QCD, its apparent successes require a coverage of this topic in
connection with the present review.
2.7.1 The ρ− ω and Pomeron trajectories
The left panel [84] of Figure 8 shows a) the Regge trajectories of the meson exchange reaction observed
through
π− + p→ π0 + n, (86)
and b) the Regge trajectory for an elastic scattering reaction, observed through
p+ p→ p+ p. (87)
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Figure 8: Left panel: Regge trajectory for the charge exchange a) and elastic scattering b) reaction [84].
Right panel: Comparison of the proton, neutron, and proton-neutron difference data of photo-absorption
cross sections with ν-fits as given in [86].
Regge phenomenology says, that the differential cross-sections of these reactions are given by the func-
tion
dσ
dt
∼ s2α(t)−2, (88)
where s and t are the total energy and momentum transfer squared, respectively. The experimental
data obtained for the meson-exchange reaction at negative t can be parameterized by a linear trajectory
α(t) = α(0) + α′t. (89)
The extrapolation of the trajectory to positive values t ≡ M2 goes through the ρ point and through
other resonances which belong to this trajectory including the f2(1270) and the a2(1320). The trajectory
for the meson-exchange reaction may be represented by
αρ(t) = 0.56 + 0.97GeV
−2t. (90)
The trajectory for the elastic reaction has parameters which differ from those of the ρ-trajectory,
namely an intercept αIP (0) ≈ 1.1 and a slope α′IP ≈ 0.25GeV−2. This trajectory is called Pomeron
trajectory and the object exchanged in the elastic reaction (87) is called Pomeron. It carries vacuum
quantum numbers (P = C = +1) and is thought to be a composite system of gluons.
For diffractive processes where the scattering amplitude only has an imaginary part the optical
theorem provides us with a total cross section in the form [85]
σtot ∼ sα(0)−1. (91)
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The validity of this relation for the photo-absorption cross section has already shown in the 1970’s
where the total photo-absorption cross sections for the proton and the neutron in the 3 – 16 GeV range
could be represented in the form [86]
σtot = X + Y ν−1/2. (92)
In (92) the variable s has been replaced by ν for convenience. The constant term corresponds to the
Pomeron exchange where the approximation αP (0) = 1 has been used, whereas the ν
−1/2 dependent
term corresponds to f2(1270) and a2(1320) exchanges where the approximation αρ(0) = 0.5 has been
used. The decrease of the cross section with photon energy due to the second term in (92) and the
isovector component due to a2(1320) exchange are clearly seen in the right panel of Figure 8.
The conclusion we can draw from this finding is that in the forward direction the f2(1270) and
a2(1320) meson exchanges are part of the photo-absorption cross section. The reason for this is that
these mesons interact with the photons via intermediate vector mesons thus making photo-absorption
and Compton scattering effectively hadronic reactions. These hadronic reactions take place at the
periphery of the nucleon and consequently can be observed in small-angle Compton scattering only. For
larger Compton scattering angles the f2(1270) and the a2(1320) mesons undergo a direct coupling to
the two photons and, therefore, have to be treated as genuine t-channel exchanges. This point will be
discussed in Section 6.1 in more detail in connection with the validity of the Baldin sum rule.
2.7.2 The f1 – a1 trajectories
According to Table 4 the t-channel exchanges contributing to the spin independent amplitude f0 are
of natural parity whereas the t-channel exchanges contributing to the spin dependent amplitude g0
are of unnatural parity. We, therefore, expect that the f1 – a1 trajectory is the relevant one for the
spin-dependent amplitude g0, where the meson a1(1260) has the quantum numbers I
G(JPC) = 1−(1++)
and the meson f1(1285) the quantum numbers I
G(JPC) = 0+(1++). The first meson on the trajectory
which is capable of coupling to two photons has the quantum number JPC = 3++. Such a meson is not
known up to the present.
The f1 and a1 exchanges have been discussed [87] in connection with a parameterization of the cross
section difference ∆σ = σ1/2−σ3/2 investigated with virtual photons, leading to a nonresonant contribu-
tion to the GDH sum rule when extrapolated to the photon point (Q2 → 0). The isovector contribution
to ∆σ is described by the a1(1260) meson trajectory, ∆σV ∼ sα0a1−1, the isoscalar contribution to ∆σ
by the f1(1285) meson trajectory, ∆σI ∼ sα
0
f1
−1. The trajectory slope is α′ ≃ 0.8− 0.9 GeV−2 and the
intercepts are α0a1 ≈ −0.3 and α0f1 = −0.4 ± 0.1, respectively. The intercept α0a1 shows a rather strong
model dependence whereas the intercept α0f1 turns out to be more stable.
3 Scattering Amplitudes and Dispersion Relations
In the following we discuss the theoretical tools for the description of Compton scattering and the
determination of polarizabilities. Two versions of dispersion theories are presented, the nonsubtracted
fixed-t and fixed-θ dispersion theories. When applied appropriately, these versions are capable of pro-
viding predictions in the first and second resonance range of the nucleon, whereas the subtracted fixed-t
dispersion theory has only been successful in the lower part of the ∆ range [1, 80]. Though fixed-θ
dispersion theory has the advantage of guaranteeing that the use of s- and t-channel contributions
does not lead to problems like double counting of empirical input, it runs into technical difficulties [1]
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when applied at small scattering angles. On the other hand fixed-t dispersion theory is constructed
in formal analogy to forward-direction dispersion theory, where the s-channel contribution is replaced
by the largely equivalent integral part [68] and the t-channel contribution by a contour integral, which
already was discussed in Section 2.2 in connection with forward-direction dispersion theory. For the
interpretation of the contour integral arguments were developed stemming from Regge theory [4, 17].
In this work we use arguments from Regge theory only in connection with forward-direction t-channel
exchanges as discussed in Section 2.7.
3.1 S-matrix and invariant amplitudes
The amplitude Tfi for Compton scattering
γ(k)N(p)→ γ′(k′)N(p′) (93)
is related to the S-matrix of the reaction through the relation
〈f |S − 1|i〉 = i(2π)4δ4(k + p− k′ − p′)Tfi. (94)
The quantities k = (ω,k), k′ = (ω′,k′), p = (E,p), p′ = (E ′,p′) are the four momenta of the photon
and the nucleon in the initial and final states, respectively, related to the Mandelstam variables via (see
also Section 2.4)
s = (k + p)2, t = (k − k′)2, u = (k − p′)2. (95)
The scattering amplitude Tfi may be expressed on an orthogonal basis suggested by Prange [88] by
means of six invariant amplitudes Tk(ν, t) leading to the general form [68]
Tfi = u¯′e′∗µ
[
− P ′µP ′ν
P ′2
(T1 + (γ ·K)T2)− NµNνN2 (T3 + (γ ·K)T4)
+i
P ′µNν−P ′νNµ
P ′2K2
γ5T5 + i
P ′µNν+P
′
νNµ
P ′2K2
γ5(γ ·K)T6
]
eνu. (96)
In (96) u′ and u are the Dirac spinors of the final and the initial nucleon, e′ and e are the polarization
4-vectors of the final and the initial photon, and γ5 = −iγ0γ1γ2γ3. The 4-vectors P ′, K and N together
with the vector Q are orthogonal and are expressed in terms of the 4-momenta p′, k′ and p, k of the
final and initial nucleon and photon, respectively, by
K =
1
2
(k + k′), P ′ = P − K(P ·K)
K2
, Nµ = ǫµνλσP
′νQλKσ,
P =
1
2
(p+ p′), Q =
1
2
(k′ − k) = 1
2
(p− p′) (97)
where ǫµνλσ is the antisymmetric tensor with ǫ0123 = 1. The amplitudes Tk are functions of the two
variables ν and t andM is the mass of the nucleon. The normalization of the amplitude Tfi is determined
by
u¯u = 2M,
dσ
dΩ
=
1
64π2s
∑
spins
|Tfi|2. (98)
It follows from crossing symmetry of Tfi, that T1,3,5,6 and T2,4 are even and odd functions of ν, respec-
tively.
The amplitudes Tk(ν, t) do not have kinematic singularities, but there are kinematic constraints,
which arise from the vanishing of P ′2, N2 and P ′2K2 in the denominators of the decomposition (96) at
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certain values of ν and t. The kinematic constraints can be removed by introducing linear combinations
of the amplitudes Tk(ν, t). This problem has first been satisfactorily solved by Bardeen and Tung [89].
However, the Bardeen and Tung amplitudes contain the inconvenience that part of them are even
functions of ν and part of them odd functions. This inconvenience has been removed by L’vov [90] so
that these latter amplitudes now have become standard.
The linear combinations introduced by L’vov [90] are
A1 =
1
t
[T1 + T3 + ν(T2 + T4)],
A2 =
1
t
[2T5 + ν(T2 + T4)],
A3 =
M2
M4 − su
[
T1 − T3 − t
4ν
(T2 − T4)
]
,
A4 =
M2
M4 − su
[
2MT6 − t
4ν
(T2 − T4)
]
,
A5 =
1
4ν
[T2 + T4],
A6 =
1
4ν
[T2 − T4]. (99)
The amplitudes Ai(ν, t) are even functions of ν and have no kinematic singularities or kinematic con-
straints. They have poles at zero energy because of contributions of the nucleon in the intermediate
state. These poles are contained in two Born diagrams with the pole propagator (γ · p −M)−1 and
on-shell vertices Γµ(p + k, p) = γµ + [γ · k, γµ]κ/4M , where κ = 1.793q − 1.913(1 − q) is the nucleon
anomalous magnetic moment. Here the electric charge of the nucleon, q = 1
2
(1 + τ3) = 1 or 0 is
introduced. The Born contributions to the amplitudes Ai have a pure pole form
ABi (ν, t) =
Me2ri(t)
(s−M2)(u−M2) , (100)
where e is the elementary electric charge (e2/4π = 1/137.04) and
r1 = −2q + (κ2 + 2qκ) t
4M2
, r2 = 2qκ+ 2q + (κ
2 + 2qκ)
t
4M2
,
r3 = r5 = κ
2 + 2qκ, r4 = κ
2, r6 = −κ2 − 2qκ− 2q2. (101)
3.2 Lorentz invariant definition of polarizabilities
The relations between the amplitudes f and g introduced in Section 2.1 and the invariant amplitudes
Ai [54, 68] are
f0(ω) = −ω
2
2π
[A3(ν, t) + A6(ν, t)] , g0(ω) =
ω3
2πM
A4(ν, t), (102)
fpi(ω) = −ωω
′
2π
(
1 +
ωω′
M2
)1/2 [
A1(ν, t)− t
4M2
A5(ν, t)
]
, (103)
gpi(ω) = − ωω
′
2πM
√
ωω′
[
A2(ν, t) +
(
1− t
4M2
)
A5(ν, t)
]
, (104)
ω′(θ = π) =
ω
1 + 2 ω
M
, ν =
1
2
(ω + ω′), t(θ = 0) = 0, t(θ = π) = −4ωω.′ (105)
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For the electric, α, and magnetic, β, polarizabilities and the spin polarizabilities γ0 and γpi for the
forward and backward directions, respectively, we obtain the relations
α + β = − 1
2π
[
AnB3 (0, 0) + A
nB
6 (0, 0)
]
, α− β = − 1
2π
[
AnB1 (0, 0)
]
,
γ0 =
1
2πM
[
AnB4 (0, 0)
]
, γpi = − 1
2πM
[
AnB2 (0, 0) + A
nB
5 (0, 0)
]
, (106)
where AnBi are the non-Born parts of the invariant amplitudes.
According to Eqs. (102) to (106) the following linear combinations of invariant amplitudes are of
special importance because they contain the physics of the four fundamental sum rules, viz. the BEFT,
LN, BL and GDH sum rules, respectively:
A˜1(ν, t) ≡ A1(ν, t)− t
4M2
A5(ν, t), (107)
A˜2(ν, t) ≡ A2(ν, t) +
(
1− t
4M2
)
A5(ν, t), (108)
A˜3(ν, t) ≡ A3+6(ν, t) ≡ A3(ν, t) + A6(ν, t), (109)
A˜4(ν, t) ≡ A4(ν, t). (110)
3.3 Properties of the s- and t-channel
For the general discussion of dispersion theories we shall consider the invariant amplitudes Ai(s, t, u˜) as
functions of two complex variables (s and t) and establish their analytical properties in the “topological
product” of the s- and t-planes [57]. For sake of completeness and for further applications we introduce
the further variable u which is constrained by the two others, what frequently is denoted by the tilde [58],
i.e., in the present case u˜.
The amplitudes Ai(s, t, u˜) are chosen such that they do not have kinematical singularities or con-
straints. But there are physical singularities which are the basis for constructing the amplitudes. In
the s-plane there are singularities on the real axis, a pole at s = u = M2 and two cuts, representing
the s- and the u-channel. This is illustrated in Figure 9. The pole at s = u = M2 represents the Born
term, i.e. Thomson scattering without excitation of internal degrees of freedom of the nucleon. The
main singularities in the t-plane are poles on the positive real t axis corresponding to the pseudoscalar
mesons π0, η and η′, and a cut starting t = 4m2pi. This cut consists of a ππ channel with a ππ phase-
substructure which may be interpreted in terms of the scalar isoscalar f0(600) or σ particle ( see Section
2.6.2). The singularities in the two planes are taken into account by imaginary parts of the amplitudes,
i.e. ImsAi(s, t, u˜) for the s-plane and ImtA(s, t, u˜) for the t-plane.
3.4 Properties of the Mandelstam plane
For illustration it is useful to merge the complex s and t planes into one plane by choosing the real axes
as abscissa and ordinate. Furthermore, we may replace s by ν. This leads to the Mandelstam plane
shown in Figure 10.
First we want to identify the region in the Mandelstam plane where Compton scattering may take
place and will name that region the s-channel physical region. There are also physical regions for the u
and t channel as shown in Figure 10. From a mathematical point of view the physical regions are of minor
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Figure 9: Singularities in the s and t planes. The s-plane contains the nucleon pole at s = M2 and a
right hand cut corresponding to the s-channel and a left-hand cut corresponding to the u-channel. The
t-channel contains a pole at t = m2pi0 and a cut starting at tthr = 4m
2
pi. In the range of the t-channel
cut there are further poles at t = m2η and t = m
2
η′ . Furthermore, there is a pole-like phase substructure
defining a “mass” at t = m2σ.
importance because the scattering amplitudes in principle are defined in the whole topological product
of the complex s and t planes. As stated before, the appropriate tools for the analytical continuations
are the generalized angles θs and θt given in Eqs. (73) and (83).
The boundary of the s-channel physical region (Figure 9) is defined through the threshold s0 =
(M +mpi)
2 for photo-absorption. In the Mandelstam plane (Figure 10) this physical region is given by
the interval between θ = 0 and θ = π of the physical scattering angle. The boundary θ = 0 is equivalent
with t = 0. The boundary corresponding to θ = π may be obtained through the following consideration.
Let spi(t), upi(t) and νpi(t) be the Mandelstam variables corresponding to θ = π. Then with
spi(t)upi(t) =M
4,
spi(t) + t+ upi(t) = 2M
2,
νpi(t) = (spi(t)− upi(t)) /(4M), (111)
29
s=(M+mpi)2u=(M+mpi)2
bII(s,t)bII(u,t)
bI(u,s)
t=4mpi2
s channelu channel
t channel
 ν (mpi)
t (
m pi
2 )
-100
-50
0
50
100
150
200
-6 -4 -2 0 2 4 6
Figure 10: The Mandelstam plane for Compton scattering according to [1]. The physical regions are
horizontally hatched. The spectral regions (with boundaries bI and bII) are vertically hatched.
we arrive at
spi(t) =
1
2
(
2M2 − t+
√
t(t− 4M2)
)
, (112)
upi(t) =
1
2
(
2M2 − t−
√
t(t− 4M2)
)
, (113)
νpi(t) =
1
4M
√
t(t− 4M2). (114)
In Eqs. (112) to (114) the signs in front of the square roots have been chosen such that νpi(t) is positive
for negative t. In the Mandelstam plane of Figure 10, Eq. (114) describes the lower borderline of the
physical region of the s-channel for positive ν and the lower borderline of the u-channel for negative ν if
t ≤ 0. For t ≥ 4M2 Eq. (114) describes the lower borderline of the physical region of the t-channel. The
t-channel singularities of interest in connection with Compton scattering are positioned at t = m2pi0 and
at 4M2 ≥ t ≥ 4m2pi i.e. outside the physical region of the t-channel for the reaction γγ → NN¯ . For the
t-channel this means that the two photon fusion process γγ → ππ leading to the |ππ〉 intermediate state
or some other resonant or nonresonant intermediate state |t〉, takes place as a real (on-shell) process
whereas the subsequent process ππ → NN¯ takes place virtually, i.e. below threshold for NN¯ pair
production. This corresponds to low-energy Compton scattering processes proceeding through |π0〉,
|ππ〉, etc. t-channel exchanges in the intermediate state with no excitation of the constituent-quark-
meson structure of the nucleon.
In Figure 10 the vertically hatched areas are the regions of nonvanishing double spectral functions
[1, 58, 80]. These spectral regions are those regions in the Mandelstam plane where two of the three
variables s, t and u take on values that correspond with a physical (i.e., on-shell) intermediate state.
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The boundaries of these regions follow from unitarity. The double spectral functions are of importance
in connection with the foundation of dispersion theories [58]. No use is made of them in the following
discussion of fixed-θ and fixed-t dispersion theories.
3.5 Discussion of Compton scattering in the complex s-plane
The θ = π constraint given in the first line of Eq. (111) may be generalized for other angles using the
s− u crossing symmetric hyperbolic integration paths [1, 58]
(s− a)(u− a) = b, b = (a−M2)2, (115)
where a is in one-to-one correspondence with the lab and c.m. scattering angles as:
a = −M2 1 + cos θlab
1− cos θlab , a = −s
1 + cos θs
1− cos θs , (116)
where θlab is the scattering angle in the laboratory system and θs the c.m. scattering angle in the
s-channel. Eqs. (115) and (116) contain the main ingredients of the kinematics of fixed-θ dispersion
theory.
The equations given above allow to project the t-channel singularities into the complex s-plane as
first discussed by Hearn and Leader in 1962 [49] and later worked out in more detail by Ko¨berle in
1968 [50]. The results of these considerations are very important because they prove that in fixed-θ
s plane
Θ=0°
Θ=37°
Θ=180°
pi°
pi°
pipi
N
N
N
pipi
σ
γN->piΝ+...
γγ−>pipi+...
Im s Re s
Figure 11: Singularities of Compton scattering amplitudes depicted in the complex s-plane according to
Hearn and Leader [49]. The right thick line on the real axis corresponds to the s-channel, the circular
line and π0-pole to the “unphysical” part of the t-channel and the left thick line on the horizontal axis
partly to the u-channel and partly to the “physical” part of the t-channel. For θ = 180◦ the lower limit
of the u-channel cut is at s = 0.
dispersion theory double counting of physical input as coming from the s-channel and the t-channel is
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avoided. Figure 11 reproduces the result obtained in [49], where the singularities contributing to the
imaginary parts of the Compton scattering amplitudes are depicted for three scattering angles. The
s-channel is represented by the right-hand cut on the real s-axis. The circular part contains the π0 pole,
the ππ cut and the other structures located in the unphysical region of the t-channel, i.e. below the
NN¯ threshold (see Figure 9). The left-hand cut on the real s-axis is shared by the u-channel and the
physical part of the t-channel, i.e. the range above the NN¯ threshold. It is of interest that the circular
part corresponding to the “unphysical” part of the t-channel does only contribute when the scattering
angle is nonzero and is most pronounced for θ = 180◦.
3.6 Fixed-θ dispersion relations
Along a path at fixed a defined in (115) and (116), one can write down [1, 58] a dispersion integral as
ReAi(s, t, a) = A
B
i (s, t, a) + A
t−pole
i (s, t, a)
+
1
π
∫ ∞
(M+mpi)2
ds′ImsAi(s
′, t˜, a)
[
1
s′ − s +
1
s′ − u −
1
s′ − a
]
+
1
π
∫ ∞
4m2pi
dt′
ImtAi(s˜, t
′, a)
t′ − t , (117)
where ImsA(s
′, t˜, a) is evaluated along the hyperbola given by
(s′ − a)(u′ − a) = b, s′ + t˜+ u′ = 2M2, (118)
and ImtAi(s˜, t
′, a) runs along the path defined by the hyperbola
(s˜− a)(u˜− a) = b, s˜+ t′ + u˜ = 2M2. (119)
The amplitude At−polei (s, t, a) entering into (117) describes the contribution of pseudoscalar mesons to
the scattering amplitude and may be written in the form
Api
0+η+η′
2 (t) =
gpi0NNFpi0γγ
t−m2pi0
τ3 +
gηNNFηγγ
t−m2η
+
gη′NNFη′γγ
t−m2η′
, (120)
where the quantities gpi0NN , etc. are the meson-nucleon coupling constants and the quantities Fpi0γγ ,
etc. the two-photon decay amplitudes. The last term in (117) represents the contribution of the scalar
t-channel to the scattering amplitude. The integration in the upper half plane (for t > 0) runs through
the unphysical region 4m2pi ≤ t < 4M2. In the latter region the t-channel partial wave expansion of
ImtAi converges if 101
◦ ≤ θlab ≤ 180◦ [1]. This statement shows that fixed-θ dispersion theory cannot be
applied at all angles with equally good precision. At θ = 180◦ the application is rather straightforward
so that backward-angle sum rules can be based on this approach. This will be discussed in Section 6.
3.7 Fixed-t dispersion relations
The natural extension of forward-angle dispersion theory to larger angles is given by fixed-t dispersion
theory. Fixed-t dispersion theory has been proven to be successful in a wide range of Compton scatter-
ing angles and for energies up to about 1 GeV with high precision (see Section 5). A formal drawback,
however, is that in fixed-t dispersion theory a strict separation of the s- and t-channel contributions is
not possible but we may assume an approximate separation. In order to distinguish between the strict
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separation in case of fixed-θ dispersion theory and the approximate separation in case of fixed-t disper-
sion theory we use the term “integral” amplitude instead of “s”-channel amplitude and “asymptotic”
amplitude instead of “t-channel” amplitude.
The ansatz for a fixed-t dispersion relation may be given in the following form [58]:
ReAi(s, t, u˜) = A
B
i (s, t, u˜) +
1
π
P
∫ smax(t)
s0
(
1
s′ − s +
1
s′ − u˜
)
× ImsAi(s′, t, u˜)ds′
+
1
π
P
∫ ∞
smax(t)
(
1
s′ − s +
1
s′ − u˜
)
× ImsAi(s′, t, u˜)ds′
+ At−polei (t) + A
scalar
i (t) (121)
with the constraint
s′ + u˜+ t = 2M2 (122)
where use has been made of the crossing symmetry [58]
ImsAi(s, t, u) = ImuAi(u, t, s). (123)
The terms in the first two lines in Eq. (121) represent the standard fixed-t dispersion relation [58]. The
s-channel integral has been split up into one integral extending from s0 to smax(t) and an other extending
from smax(t) to ∞. This precaution has been taken in order to avoid the use of divergent s-channel
integrals. The quantity smax(t) in (121) has been proposed [68] to correspond to the excitation energy
Emax = (smax(t)−M2)/2M = 1.5 GeV. The fourth term At−polei (t) is the analogue of the corresponding
term in (117). The term Ascalari (t) replaces the t-channel integral in (117). It is interesting to mention
that Ascalari (t) cannot be expressed through a t-channel integral in a strict sense, as in case of the fixed-θ
dispersion theory. The reason for this is that in case of fixed-t dispersion theory parts of the t-channel
strength is already contained in the integral amplitude. This is especially true for contributions which –
in a diagrammatic representation – have a t-channel cut as well as a s-channel cut [91]. However, there
are reasons to assume that the term Ascalari in (121) and the t-channel integral in (117) are approximately
equivalent.
For the present case of a fixed-t dispersion relation it is useful to work with the variable ν =
(s− u)/(4M), because the crossing operation s ↔ u at fixed t is then simply a reflection ν ↔ −ν. In
terms of the variable ν, the first term of the s-channel part of the fixed-t dispersion relation reads
ReANBi (ν, t) =
1
π
P
∫ νmax(t)
νthr(t)
dν ′ImAi(ν ′, t)
[
1
ν ′ − ν +
1
ν ′ + ν
]
(124)
=
2
π
P
∫ νmax(t)
νthr(t)
dν ′
ν ′ImAi(ν ′, t)
ν ′2 − ν2 . (125)
where NB denotes non-Born. The integral given in Eq. (125) starts at the threshold
νthr(t) = ν
(
s = (M +mpi)
2, t
)
= mpi +
1
2M
(
m2pi +
t
2
)
. (126)
This function is shown in Figure 10 as a dotted line labeled s = (M + mpi)
2. It is easy to see that
the threshold of the integral (125) is located in the physical region of the s-channel only for very small
negative t. Outside the physical region νthr(t) remains positive up to t = −28.8 m2pi and then becomes
negative. This unwanted property will be discussed in connection with the evaluation of the fixed-t
dispersion integrals (see Section 4.5).
33
The second integral and the two terms in the last line of in (121) are dependent on t but not on
s. Therefore, they can be added for each amplitude Ai to give one term which traditionally is termed
the “asymptotic” contribution Aasi (ν, t) where we keep the ν dependence for sake of completeness. In
a formal way this “asymptotic” contribution can be incorporated into the fixed-t dispersion theory
formulated in a complex ν plane, by using a loop of finite size (a closed semicircle of radius νmax) to
close the Cauchy integral. This leads to the representation [68]:
ReAi(ν, t) = A
B
i (ν, t) + A
int
i (ν, t) + A
as
i (ν, t), (127)
with
ABi (ν, t) =
ai(t)
ν2 − t2/16M2 , (128)
Aint(ν, t) =
2
π
P
∫ νmax(t)
νthr(t)
ImAi(ν
′, t)
ν ′dν ′
ν ′2 − ν2 , (129)
Aasi (ν, t) =
1
π
Im
∫
ν′=νmax(t)eiφ ,0<φ<pi
Ai(ν
′, t)
ν ′dν ′
ν ′2 − ν2 . (130)
Without loss of generality we may use νmax(t) → ∞, and this will be done in the following unless
something else is stated.
In the foregoing, the non-Born (NB) amplitude has been partitioned into an integral part along the
real axis of the complex ν plane and a contour integral in the upper half-plane. This partitioning is a
formal procedure in the sense that only the integral part can be calculated, using the formula given in
(129). The asymptotic (contour integral) part requires special considerations. The usual way to take it
into account is to use the ansatz of a phenomenological effective σ-pole for the amplitude Aas1 (ν, t) and
poles due to pseudoscalar mesons for the amplitude Aas2 (ν, t) as given in Eq. (120):
Aas1 (ν, t) = A
σ
1 (t) =
gσNNFσγγ
t−m2σ
, Aas2 (ν, t) ≡ Api
0+η+η′
2 (t). (131)
Experimental tests of this ansatz are described in Sections 5 and 6.
3.8 Propagator of the σ meson
For the practical application of the σ pole ansatz in the data analysis we assume that the σ meson
has a composite structure with a |qq¯〉 core and a |ππ〉 cloud. Due to the coupling to the ππ hadronic
exit channel the σ has a large width which modifies the structure of the corresponding pole term. This
modification can be calculated by standard techniques [92] leading to the result that the mass mσ has
to be replaced by an effective mass meff = (m
2
σ + P(t))1/2. The width of the σ meson is taken into
account via a ππ loop as depicted in Figure 12, leading to
FσγγgσNN
t−m2σ
−→ FσγγgσNN
t−m2σ − P(t)
(132)
with
P(t) = mσΓσ
π
√
1− 4m2pi/m2σ

−2 +√1 + y
y
ln


√
1+y
y
+ 1√
1+y
y
− 1



 , (133)
y =
−t
4m2pi
.
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Figure 12: Propagator of a σ meson in the presence of a π+π− loop. In addition, the π0π0 loop has to
be taken into consideration.
This means that the width Γσ of the σ mesons leads to a shift of the pole parameter m
2
σ. For the data
analysis we replace the t dependent effective mass meff = (m
2
σ +P(t))1/2 in the denomiator of the r.h.s
of Eq. (132) by a constant and make a tentative prediction by assuming mσ = 500 MeV, Γσ = 500
MeV (see Section 2.6.2) for the σ meson and θcm = 125
◦ and Eγ = 600 MeV for the kinematics of the
experiment. Then we arrive at the prediction meff = 630 MeV.
For the data analysis we use the relations
2π(α− β) + Aint1 (0, 0) = −Aas1 (0) =
gσNNFσγγ
m2eff
, Aas1 (ν, t) =
gσNNFσγγ
t−m2eff
. (134)
In (134) (α−β) is the experimental value for the difference of electromagnetic polarizabilities measured
at low energies where the O(ω2) approximation is valid, Aint1 (0, 0) the integral part calculated from
photomeson data (see Section 4) and meff an adjustable parameter to be determined from experimental
Compton differential cross sections in the second resonance region and a range of large scattering angles.
The fit parameter obtained for a given parameterization of photomeson amplitudes (see Section 5.5) is
(589±12) MeV. The error ±12 only takes into account the uncertainties of the fit. The additional error
due to the uncertainties in the parameterizations of photomeson amplitudes can only be estimated with
a large margin of uncertainty. In view of this, the predicted and the experimental effective mass may
be considered as being in good agreement with each other.
4 The imaginary parts of Compton amplitudes
In the following we discuss the method through which the imaginary parts ImAi(ν, t) of the amplitudes
Aint(ν, t) given in Eq. (125) and (129) are obtained. The main input are the single pion photoproduction
data which are available with improving precision.
4.1 The unitarity relation
The integral contributions Ainti are determined by the imaginary parts of the Compton scattering am-
plitudes which follow from the unitarity relation of the generic form [25]
Tfi − T ∗if = 2ImTfi =
∑
n
(2π)4δ4(Pn − Pi)T ∗nfTni. (135)
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For the special case of forward Compton scattering where f ≡ i, we obtain
ImTii =
1
2
(2π)4
∑
n
|Tin|2δ4(Pi − Pn) = ω
4π
σtot(ω). (136)
The quantities Pi and Pn are the four-momenta before and after the absorption of the incident photon
by the nucleon. The quantity δ4(Pn − Pi) guarantees the energy and momentum conservation during
the absorption process. In order to measure σtot(ω) all exit channels of the exited nucleon state have to
be registered. This includes all particle channels as well as all photon decay channels. For the nucleon,
in general only the elastic photon decay channel into the ground state is available in addition to meson
photoproduction. This exit channel is termed elastic radiative decay and, of course, is not identical with
the solid-angle integrated differential-cross section for Compton scattering. For the ∆ resonance region
it can be estimated that elastic radiative decay amounts to . 1% of the total decay. Below particle
threshold we have σtot(ω) = 0.
4.2 The CGLN amplitudes
The most precise data have been obtained for single-pion photoproduction for unpolarized photons
and target nucleons. Based on the angular distribution of the emitted pions, multipole analyses have
been carried out. The necessary tools for this have been worked out by Chew, Goldberger, Low and
Nambu [93]:
Let the photoproduction amplitude be denoted by F , such that the differential cross section for
meson production in the c.m. system is
dσ
dΩ
=
q
k
|〈πN |F|γN〉|2, (137)
where the matrix element is taken between initial and final Pauli (not Dirac) spinors. For a given
isospin it is then possible to write F as follows
F = iσ · ǫF1 + σ · qσ · (k× ǫ)
qk
F2 + iσ · kq · ǫ
qk
F3 + iσ · qq · ǫ
q2
F4, (138)
where F1 · · · F4 are functions of energy and angle in the c.m. system and q and k are the meson and
photon three-momenta. The angular dependence may be made explicit through a multipole expansion
involving derivatives of Legendre polynomials:
F1 =
∞∑
l=0
[lMl+ + El+]P
′
l+1(x) + [(l + 1)Ml− + El−]P
′
l−1(x), (139)
F2 =
∞∑
l=1
[(l + 1)Ml+ + lMl−]P ′l (x), (140)
F3 =
∞∑
l=1
[El+ −Ml+]P ′′l+1(x) + [El− +Ml−]P ′′l−1(x), (141)
F4 =
∞∑
l=1
[Ml+ −El+ −Ml− −El−]P ′′l (x). (142)
Here x is the cosine of the angle of emission in the c.m. system.
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The energy-dependent amplitudes Ml± and El± refer to transitions initiated by magnetic and elec-
tric radiation, respectively, leading to final states of orbital angular momentum l and total angular
momentum l ± 1
2
. Superscripts may be added to each amplitude in formulas (139) to (142) in order to
designate the isospin of the transition.
The most prominent CGLN photomeson amplitudes at low and intermediate energies are the non-
resonant E0+ amplitude where the pion is emitted as an s-wave, and the resonant M
3/2
1+ and E
3/2
1+
amplitudes leading to the I = 3/2 component of the ∆ resonance via magnetic dipole or electric
quadrupole transitions, respectively, whereafter the pion is emitted as a p-wave.
4.3 Helicity amplitudes
Walker [55,94] writes the integral cross section for pion photoproduction in terms of helicity “elements”
(or amplitudes) Al± and Bl±, given in the form
σT =
1
2
(
σ1/2 + σ3/2
)
,
σ1/2 =
8πq
k
∞∑
l=0
(l + 1)(|Al+|2 + |A(l+1)−|2),
σ3/2 =
8πq
k
∞∑
l=0
1
4
[l(l + 1)(l + 2)](|Bl+|2 + |B(l+1)−|2), (143)
where the subscript notation of the A′s and B′s is the same as that of CGLN [93]; e.g. Bl± refers to a
state with pion orbital angular momentum l and total angular momentum j = l ± 1
2
. The A′s and B′s
differ in the absolute values of the helicities Λ = |λ| of the initial states given by λ = λγ − λp, where
λγ is the helicity of the incident photon and λp the helicity of the nucleon in the initial state. For the
A′s the helicity is Λ = 1/2, for the B′s Λ = 3/2. Walker [55] finds the following relations between the
helicity elements and the CGLN multipole coefficients
E0+ = A0+, M1− = A1−, (144)
and for l ≥ 1,
El+ = (l + 1)
−1(Al+ +
1
2
lBl+),
Ml+ = (l + 1)
−1[Al+ − 1
2
(l + 2)Bl+],
E(l+1)− = −(l + 1)−1[A(l+1)− − 1
2
(l + 2)B(l+1)−], (145)
M(l+1)− = (l + 1)
−1(A(l+1)− +
1
2
lB(l+1)−).
Equivalently we may write
Ak+ =
1
2
[(k + 2)Ek+ + kMk+], Bk+ = Ek+ −Mk+,
A(k+1)− =
1
2
[−kE(k+1)− + (k + 2)M(k+1)−],
B(k+1)− = E(k+1)− +M(k+1)−. (146)
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For the three main multipoles this corresponds to
E1 : E0+ = A0+,
M1 : M1+ =
1
2
(A1+ − 3
2
B1+), (147)
E2 : E1+ =
1
2
(A1+ +
1
2
B1+).
4.4 Imaginary parts of Compton amplitudes for πN intermediate states
Following L’vov [68] we express the invariant amplitudes Ai(s, t) for Compton scattering through reduced
helicity amplitudes τi for Compton scattering:
A1 =
1
(s−M2)2
[
− s
M
(
1− σs+M
2
2s
)
τ4 −
√
s
2
(τ5 + στ6)
]
,
A2 =
1
(s−M2)3
[
− s
M
(s+M2)
(
1− σs−M
2
2s
)
τ4 −
√
s
2
(s−M2)τ5 + 2s
√
s
(
1− σs−M
2
4s
)
τ6
]
,
A3 =
1
(s−M2)2(s−M2 + t/2)
[
M3[τ1 + (1− σ)τ2]− 2M2
√
s
(
1− σs+M
2
2s
)
τ3
]
,
A4 =
1
(s−M2)2(s−M2 + t/2)
[
M3τ1 −M3
(
1 + σ
M2
s
)
τ2 +
2M4√
s
στ3
]
,
A5 =
1
(s−M2)2(s−M2 + t/2)
[
M(s +M2)στ4 −M2
√
s(τ5 + στ6)
]
,
A6 =
1
(s−M2)2(s−M2 + t/2)
[
− M
2
(s+M2)[τ1 + (1− σ)τ2] + 2M2
√
s(1− σ)τ3
]
, (148)
where
σ = sin2
θs
2
= − st
(s−M2)2 (149)
and θs the c.m. scattering angle.
The imaginary parts of the reduced helicity amplitudes τi may be written in the form [68]
Im[τ1]
(1pi) = 8πq
√
s
∞∑
k=0
(2k + 2)(|Ak+|2 + |A(k+1)−|2)F (−k, k + 2, 1, σ),
Im[τ2]
(1pi) = 8πq
√
s
∞∑
k=1
k(k + 1)(k + 2)
2
(|Bk+|2 + |B(k+1)−|2F (−k + 1, k + 3, 1, σ),
Im[τ3]
(1pi) = 8πq
√
s
∞∑
k=1
k(k + 1)(k + 2)(−Ak+B∗k+ − A(k+1)−B∗(k+1)−)F (−k + 1, k + 3, 2, σ),
Im[τ4]
(1pi) = 8πq
√
s
∞∑
k=1
k(k + 1)2(k + 2)
2
(Ak+B
∗
k+ − A(k+1)−B∗(k+1)−)F (−k + 1, k + 3, 3, σ),
Im[τ5]
(1pi) = 8πq
√
s
∞∑
k=0
2(k + 1)2(|Ak+|2 − |A(k+1)−|2)F (−k, k + 2, 2, σ),
Im[τ6]
(1pi) = 8πq
√
s
∞∑
k=1
k2(k + 1)2(k + 2)2
12
(−|Bk+|2 + |B(k+1)−|2)F (−k + 1, k + 3, 4, σ), (150)
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where q is the pion momentum and the sum over different isotopic channels is implied. F is a hyperge-
ometric polynomial of σ = sin2(θs/2):
F (a, b, c, x) = 1 +
ab
c
x
1!
+
a(a+ 1)b(b+ 1)
c(c+ 1)
x2
2!
+ · · · . (151)
For angular momenta j ≤ jmax = 7/2 predictions of imaginary parts related to single-pion photoproduc-
tion have been based on phenomenological analyses of photopion experimental data. Higher multipoles,
j > 7/2, are assumed to be given by one-pion-exchange (OPE) diagrams. The corresponding formulae
are given in [68]. Further information concerning the πN intermediate state and information on the
ππN , the π∆ and the ρ0N intermediate states may be found in the appendices of [68].
4.5 The integral parts of the amplitudes calculated in fixed-t dispersion
theory for the unphysical region
As noted in connection with the Mandelstam plane (Figure 10), part of the integral amplitude of fixed-t
dispersion theory has to be determined in the unphysical region between νthr(t) and the borderline
νpi(t) of the physical region. As discussed in [68] the unphysical region corresponds to very small ν
′
and very high −t which corresponds to an unphysical z′ = cos θs of the photon scattering angle arising
in the integrand when taking into account Compton scattering at high energies and backward angles.
For small angular momenta j the functions ImAi(ν
′, t) do not show any pathological behavior in the
unphysical region. This, however, may not be the case when partial waves with high j are taken from
experimental fits. For this case special procedures have been developed [68] involving model calculations
which take care of the problem in a reliable way. In conclusion, the unphysical region did not provide
problems in the range of the present investigation which is restricted to Eγ < 1 GeV and θlab < 150
◦.
4.6 Application of photomeson amplitudes in Compton scattering
In general the available pion photoproduction amplitudes have been applied without modification, but
selections between different versions have been made in order to achieve optimum fits to the Compton
differential cross sections. The sensitivity of this selection procedure has been demonstrated at an early
stage of our investigations where it was shown that the resonance part of the M1+ amplitude which was
available at that time [95, 96] had to be scaled down by 2.8% [97].
Updated versions of photomeson amplitudes are published regularly in the SAID and MAID data
bases [98]. Though large improvements have been made in recent years, the application of the pho-
tomeson amplitudes to the calculation of Compton scattering amplitudes requires a very sophisticated
procedure. One example is given in Section 5.3.3 where the selection procedure is described to find
an optimal representation of differential cross sections for Compton scattering by the neutron. In the
course of our work it also was noticed that updates of photomeson amplitudes may lead to less good
agreement with Compton scattering data than the versions published before. This shows that Compton
scattering is well suited to make independent constraints on these amplitudes.
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5 Recent experiments on Compton scattering and polariz-
abilities of the proton and the neutron
5.1 Electromagnetic polarizabilities of the proton
A common feature of experiments carried out in the 1950’s to 1970’s has been the use of continuous-
energy bremsstrahlung photon beams and photon detectors having poor energy resolution. These factors
made it difficult to determine the incident photon flux accurately. With the advent of high duty factor
electron accelerators and large-volume NaI(Tl) detectors these problems were largely overcome. The
first experiment making use of these new achievements was carried out at the University of Illinois at
Urbana-Champaign [99]. Photons were produced via the bremsstrahlung process in a thin Al foil. The
post-bremsstrahlung electrons were momentum analyzed in a magnetic spectrometer and detected in
an array of plastic scintillators, thereby tagging the associated photons through their time-coincidence
with the scattered photons. In this way quasi-monochromatic photons were obtained with an energy
resolution of few MeV. The advantage of the quasi-monochromatic photons is paid for by low intensity
which is limited to 105−106s−1 per channel as defined through a plastic scintillator. The result obtained
was αp = 10.9±2.2±1.3, βp = 3.3∓2.2∓1.3 using the constraint αp+βp = 14.2 calculated in an early
evaluation [100] from photo-absorption data assuming the validity of Baldin’s sum rule.
A different method was used [101] at the low duty-cycle linear accelerator at Mainz where brems-
strahlung was used for Compton scattering by the proton through θlab = 180◦. The forward scattered
protons were deflected by a magnetic spectrometer with 12 detector channels to measure the energies
of the recoil protons. Rather thin targets (5 –10 mm lq. H2) had to be used so that the recoil protons
had to be separated from protons produced in the thin windows of the target. The result obtained was
αp = 10.62± 1.22± 1.05, βp = 3.58∓ 1.22∓ 1.05, using the constraint αp + βp = 14.2.
Two experiments were carried out in the SAL laboratory in Saskatoon. In the 1993 experiment [102]
a high duty-factor bremsstrahlung beam and a high-resolution NaI(Tl) detector was used to measure
Compton scattering using the end-point technique. This method has the disadvantage that the shape
of the bremsstrahlung spectrum at the endpoint has to be known. Furthermore, the energies (150 -
300 MeV) were far outside the range of validity of the low-energy approximation, leading to possible
large uncertainties in the polarizabilities due to model-dependent effects. The result obtained was
αp = 9.8±0.4±1.1, βp = 4.4∓0.4∓1.1, using the constraint αp+βp = 14.2. In the 1995 experiment [103]
tagged photons with energies from 70 to 100 MeV and un-tagged photons with energies from 100 to 148
MeV were used. The entire energy region from 70 to 148 MeV was measured simultaneously. The result
obtained is αp = 12.5± 0.6± 0.7± 0.5, βp = 1.7∓ 0.6∓ 0.7∓ 0.5, using the constraint αp + βp = 14.2.
Here a model dependent error is given in addition to the statistical and systematic error.
Recently a re-evaluation of the experiments on the electromagnetic polarizabilities of the proton has
been carried out using the data cited above and using also all the other data from the data base of the
1950’s – 1990’s. The overall (global) average obtained from these data is [17]
αp = 11.7± 0.8(stat + syst)± 0.7(model),
βp = 2.3± 0.9(stat + syst)± 0.7(model) (152)
where no use has been made of the Baldin sum rule result for αp+βp as obtained from photo-absorption
data. The sum of polarizabilities following from (152) is
αp + βp = 14.0± 1.3(stat + syst)± 0.6(model). (153)
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5.1.1 Electromagnetic polarizabilities of the proton measured at MAMI (Mainz)
A new precise determination of the electromagnetic polarizabilities of the proton αp and βp has been
performed using the TAPS apparatus set up at the tagged-bremsstrahlung facility at MAMI (Mainz)
[2, 104]. This facility provided quasi-monochromatic photons with an energy resolution of ∆Eγ ≈ 2
MeV at energies in the range between Eγ ≈ 60 MeV and 160 MeV. At these low energies the low-energy
approximation is valid to a large extent so that model dependencies arising from higher-oder terms in
the photon energy are small in a major part of this interval. This experiment was the first which covered
a large angular interval with one experimental setting ranging from θlab = 59
◦ to 155◦. The set-up is
depicted in the left panel of Figure 13. The coverage of this large angular range was achieved by using
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Figure 13: Left panel: The TAPS arrangement at MAMI. The photon beam enters the setup between
the blocks A and F. Also shown are the target cell and the scattering chamber. Right panel: Error
contour plot χ2(α, β) = χ2min + 1 for which the errors are taken as the statistical ones only. Also shown
are the constraint form the Baldin sum rule and the value α − β as follows from the experiment by
Zieger et al. [101]. The grey ellipse corresponds to the global fit of [2, 104].
6 blocks A to F of the TAPS detector, each consisting of 64 BaF2 detectors. The procedure used for the
data analysis was to take αp and βp as free parameters and to make no use of the constraints provided
by Baldin’s sum rule. The result obtained in this way was
αp = 11.9± 0.5(stat)∓ 1.3(syst),
βp = 1.2± 0.7(stat)∓ 0.3(syst). (154)
The sum of electromagnetic polarizabilities obtained from these data is
αp + βp = 13.1± 0.9(stat)∓ 1.0(syst). (155)
Comparing the results of the TAPS experiment as given in Eqs. (154) and (155) with the average of all
results obtained in previous experiments as given in Eqs. (152) and (153) we recognize that the precision
achieved in the TAPS experiment is comparable with the precision of all the previous experiments taken
together. This finding is illustrated in the right panel of Figure 13.
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The right panel of Figure 13 shows a comparison of the result of the recent TAPS experiment [104]
with other experiments carried out in the 1990’s. Also shown is the constraint given by Baldin’s sum
rule. The results are shown in a two-dimensional diagram αp versus βp. The contours correspond to
χ2(αp, βp) = χ
2
min + 1. The result obtained for αp − βp when taking into account the constraints of
Baldin’s sum rule (taken to be αp + βp = 13.8 ± 0.4 [104]) is represented by the small grey ellipse
corresponding to
αp − βp = 10.5± 0.9(stat + syst)± 0.7(model). (156)
From the numbers given in Eqs. (153) and (155) we obtain as the global – i.e. all existing data for
low-energy Compton scattering containing – result
αp + βp = 13.6± 0.8(stat + syst)± 0.5(model). (157)
As a recommended final result of the experimental electromagnetic polarizabilities of the proton
we propose to used the weighted average of the data obtained from low-energy Compton scattering
by the proton given in Eqs. (152) and (154) and from the adopted result for αp + βp obtained from
photo-absorption data via the Baldin sum rule. The corresponding numbers are given Table 8.
Table 8: Recommended values for the experimental electromagnetic polarizabilities of the proton. The
values are constrained by Baldin’s sum rule using αp + βp = 13.9 ± 0.3 (see Table 13). The unit is
10−4fm3.
αp βp
12.0± 0.6 1.9∓ 0.6
5.2 Spin polarizability of the proton
The spin polarizability of the proton for the backward direction has first been extracted from experi-
mental data by Tonnison et al. (LEGS) [105] leading to γ
(p)
pi = −[27.1 ± 2.2(stat + syst)+2.8−2.4(model)]×
10−4fm4. This result received great attention because it differed considerably from the prediction based
on dispersion theory with the asymptotic contribution calculated from the π0, η and η′ poles. One
possible interpretation of this finding was that a new contribution to the spin structure of the proton
was discovered.
However, a Compton scattering experiment carried out at MAMI using the 48 cm ⊘× 64 cm NaI(Tl)
detector [106] confirmed the predicted value of γ
(p)
pi = −37.6 [106]. This latter result has recently been
confirmed in two further experiments carried out at MAMI using the large acceptance arrangement
LARA [107, 108] and the TAPS detector [104]. The result obtained with LARA through fits to the
experimental differential cross sections [107, 108] is
γ(p)pi = −37.1± 0.6(stat + syst)± 3.0(model) (158)
when using the SAID-SM99K parameterization [95,96] as a basis in the un-subtracted fixed-t dispersion
theory [68] and
γ(p)pi = −40.9± 0.6(stat + syst)± 2.2(model) (159)
when using the MAID2000 parameterization [109]. The difference between the results given in (158)
and (159) may be considered as a typical example of a model dependence introduced by inconsistencies
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in the parameterizations of photomeson amplitudes. In the present case these parameterizations are
used unmodified, i.e. without adjustments to the Compton scattering data whereas the asymptotic part
of the spin-polarizability is treated as an adjustable parameter. The result obtained from low energy
Compton scattering using the TAPS detector [104] is
γ(p)pi = −35.9± 2.3(stat + syst) (160)
where the model error has been included into the systematic error.
It has been shown [106–108] that these discrepancies between MAMI and LEGS can be traced
back to a discrepancy in the experimental differential cross sections for Compton scattering by the
proton obtained in the ∆ resonance region. This finding has recently been confirmed [110] at MAMI
using the apparatus shown in the left panel of Figure 14. This apparatus consists of the Mainz 48
NaJ(Tl) detector
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Figure 14: Left panel: Experimental arrangement used for Compton scattering by the proton [110].
Compton scattering events are identified through coincidences between the Mainz 48 cm ⊘× 64 cm
NaI(Tl) photon detector positioned under 136◦ and the Go¨ttingen segmented recoil counter SENECA
positioned under 18◦. Right panel: Experimental differential cross sections for Compton scattering
by the proton at θlabγ = 136.2
◦. Closed circles: SENECA-NaI (left figure) data [110]. Open triangles
Mainz-LARA data [107, 108]. Open squares: LEGS data [105, 111]
cm ∅ × 64 cm NaI(Tl) photon detector positioned under 136◦ to the incoming photon beam and the
Go¨ttingen segmented recoil spectrometer SENECA positioned under 18◦. This apparatus was set up for
an experiment to measure the electromagnetic polarizabilities of the neutron via quasi-free Compton
scattering by neutrons bound in the deuteron above π photoproduction threshold. As a test of the
apparatus the target cell was filled with liquid hydrogen so that Compton differential cross sections for
the proton were measured. The experimental result is shown in the right panel of Figure 14 together
with the LEGS data [105, 111]. The backward spin polarizability extracted from the MAMI data of
Figure 14 is
γ(p)pi = −36.5± 1.6(stat)± 0.6(syst)± 1.8(model) (SAID-SM99K), (161)
γ(p)pi = −39.1± 1.2(stat)± 0.8(syst)± 1.5(model) (MAID2000). (162)
From the Mainz values of Eqs. (158) - (162) given above we obtain [110] a the weighted average given
in Table 9. We recommend to consider the weighted average given in Table 9 as the accepted result for
the experimental backward spin-polarizability of the proton.
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Table 9: Recommended value for the experimental backward spin polarizability of the proton (MAMI
weighted average). The unit is 10−4fm4.
γ
(p)
pi = −38.7± 1.8
5.3 Electromagnetic polarizabilities of the neutron
For a long time the determination of the electromagnetic polarizabilities of the neutron via Compton
scattering was considered as impossible. Therefore, the application of electromagnetic scattering of
neutrons in the Coulomb field of heavy nuclei was given preference, as discussed in the introduction.
However, these early results remained unsatisfactory.
5.3.1 Electromagnetic scattering of neutrons in a Coulomb field in the 1990’s
The only experiment on electromagnetic scattering of neutrons in the Coulomb field of heavy nuclei
leading to a value for αn with a meaningful precision was carried out in Oak Ridge [112] using a Pb
target enriched in 208Pb in order to reduce the uncertainties arising from nuclear neutron scattering.
The result of this experiment was
αn = 12.6± 1.5± 2.0. (163)
The number given here has been corrected by adding the Schwinger term [3] e2κ2n/4M
3 = 0.6, containing
the neutron anomalous magnetic moment κn and the neutron mass M. This term compensates for a
missing term (see [3]) in the original evaluation of this experiment. After including the Schwinger term
the number is directly comparable with the one defined through Compton scattering. A later experiment
carried out in Munich [113] lead to αn = 0.6 ± 5. This value for αn appears to us unreasonable and,
furthermore, has a large error. Therefore, we consider it advisable to disregard this result in the
following considerations. The Oak Ridge experiment [112] is of very high precision. However this
precision has been questioned by a number of researchers active in the field of neutron scattering [114].
Their conclusion is that the Oak Ridge result [112] possibly might be quoted as 7 ≤ αn ≤ 19. (For a
more detailed discussion see [115].) Certainly, this criticism has to be kept in mind. On the other hand
we feel obliged to the rule that authors have to be trusted in a first place and, therefore, cite and adopt
the result of [112] as it is given in Eq. (163).
5.3.2 Compton scattering by neutrons below meson photoproduction threshold
The electromagnetic polarizabilities αp and βp of the proton have been measured through Compton
scattering at energies below π-photoproduction threshold. The differential cross section for Compton
scattering is comparatively large in this case because of the sizable interference term between the Born
and the non-Born amplitude. In fact, it is this interference term which is of essential help in experiments
on the proton.
A corresponding experiment for the neutron is extremely difficult, because there is no Thomson
amplitude to interfere with the non-Born part of the scattering amplitude. Therefore, differential cross
sections for Compton scattering by the neutron at energies below π-photoproduction threshold are
extremely small. Furthermore, there are no free-neutron targets with sufficient density, and for neutrons
bound in the deuteron sizable corrections are expected to the quasi-free differential cross section due to
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final-state interaction between the outgoing nucleons. Therefore, any experiment of this kind has to be
accompanied by a carefully carried out theory [116].
The first experiment on low-energy γn scattering with subsequent extraction of the polarizabilities
of the neutron has been carried out by the Go¨ttingen-Mainz group [117] which followed an earlier theo-
retical suggestion [116] to exploit the reaction γd→ γnp in the quasi-free kinematics. The experiment
was carried out using non-tagged bremsstrahlung produced by a 130 MeV 20 µA c.w. electron beam
of MAMI A which was available for a small period of time during the MAMI construction. Quasi-free
Compton scattering by the neutron was investigated via the 2H(γ, γ′n)1H reaction by detecting Comp-
ton scattered photons in two 25 cm ∅ × 36 cm NaI(Tl) detectors positioned at lab scattering angles
of θγ′ = 90
◦ and 135◦. The energy spectrum and angular distribution of recoiling neutrons were mea-
sured in coincidence with the Compton scattered photons via time of flight using a plastic-scintillator
hodoscope.
This experiment was successful in the sense that the relevant effect, i.e. coincidence events between
Compton scattered photons and recoil neutrons, was definitely identified. It was possible to extract the
value αn = 10.7 for the electric polarizability from the experimental data with an upper error of +3.3.
The determination of a lower error failed because of the rather large lower error of 18% of the differential
cross section, so that its lower bound did not correspond to a possible electromagnetic polarizability.
In order to avoid this difficulty, the lower error of the differential cross section should have been 10%
or smaller. The result of this first and only experiment carried out below the meson photoproduction
threshold may be quoted as
αn = 10.7
+3.3
−10.7. (164)
5.3.3 Quasi-free Compton scattering by neutrons bound in the deuteron above meson
photoproduction threshold
Because of the difficulties involved in a Compton scattering experiment at energies below meson pho-
toproduction threshold it has been proposed [116] to measure quasi-free Compton scattering by the
neutron at energies between pion threshold and the ∆ peak to determine αn − βn. The underlying
properties of the method are depicted in Figure 15. Compton scattering by the nucleon has to be
calculated under kinematical conditions fulfilled for Compton scattering by a free nucleon. Under these
kinematical conditions the quasi-free peak is expected. The calculation is performed in a diagrammatic
approach. As a first approximation, the nucleon wave functions in the final state are treated as plane
waves. Thereafter, the modification of the wave-functions due to the nucleon-nucleon potential is taken
into account. Since the nucleon-nucleon potential is isospin dependent, additional diagrams taking into
account meson exchange currents (MEC) (see Figure 15 e) and f)) have to be taken into account. The
result of the calculation is the quasi-free peak either for the recoiling proton or recoiling neutron having
a width which is larger than the one expected from Fermi motion alone. This increase of width is large
at energies below meson photoproduction threshold and becomes small at higher energies. The further
steps of the calculation are (i) to relate the area underneath the quasi-free peak to the triple differential
cross section in the center of the quasi-free peak and (ii) to relate the triple differential cross section
in the center of the quasi-free peak to the differential cross section for the free nucleon. With this
theoretical input, the number of events found experimentally in the range of recoil energies where the
quasi-free peak is expected can be used (i) to calculate the experimental triple differential cross section
in the center of the quasi-free peak and (ii) to calculate the corresponding experimental differential
cross section for a “free” nucleon obtained by the quasi-free method.
Compton scattering experiments on the free proton and quasi-free Compton scattering on the proton
bound in the deuteron can be used to test the validity of the procedure. The first experiment of this
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Figure 15: Left panel: Feynman diagrams for quasi-free Compton scattering by the proton and neutron
bound in the deuteron. a) Compton scattering by the neutron in quasi-free kinematics calculated in
plane-wave approximation. b) Same as a) but calculated for the proton. c) and d) final-state interactions
due to the nucleon-nucleon interaction in the final state. e) and f) meson-exchange corrections. Right
panel: Triple differential d3σ/dΩγdΩpdEp cross section for Compton scattering by the proton in the
quasi-free peak including final-state interactions and corrections due to meson-exchange.
kind has been carried out by Wissmann et al. [106] at MAMI (Mainz) using the Mainz 48 cm∅ × 64
cm NaI(Tl) spectrometer for the free-proton experiment and the TAPS spectrometer for the quasi-free
proton experiment. Differential cross sections sections for Compton scattering by the free proton were
measured in the energy range from Eγ = 200 MeV to 400 MeV at a scattering angle of θ
lab
γ′ = 131
◦.
Triple differential cross sections in the center of the proton quasi-free peak (PQFP) at θlabγ′ = 149
◦ were
measured in the energy range from Eγ = 200 MeV to 290 MeV. The results were encouraging enough
to carry out a dedicated experiment on quasi-free Compton scattering by the neutron (see also Section
5.2).
This dedicated experiment [118] was carried out using the experimental arrangement shown in Fig-
ure 14. Though the foregoing experiments had shown that the basis of the data-evaluation procedure
is sound, this experiment was carried out in a self-testing way containing the following steps:
(i) The target-container was filled with liquid hydrogen so that Compton scattering by the free proton
was measured in an energy range from Eγ = 200 to 400 MeV. The results of this experiment led to the
following information. The asymptotic part of the spin-polarizability γ
(p)
pi is in agreement with the pre-
diction obtained from the π0, η and η′ poles. Therefore, there is a good reason to use the corresponding
prediction to calculate the spin-polarizability for the neutron, leading to γ
(n)
pi = 58.6. This value was
used as a fixed input for the evaluation of αn − βn from the quasi-free data. The other fixed input is
αn + βn = 15.2± 0.5 [119] obtained via Baldin’s sum rule from photo-absorption data. From the large
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Figure 16: Results of the NaI-SENECA experiment on quasi-free Compton scattering on neutrons
bound in the deuteron. Left panel: Differential cross-section for the “free” neutron extracted from the
quasi-free cross-sections for the bound neutron at θlabγ = 136.2
◦ (triangles). The SAL result [120] is
shown by a diamond. Only statistical errors are given. Right panel: The solid curve shows pairs of
values αn − βn and γ(n)pi used as independent parameters in fits to the experimental differential cross
sections shown in the left panel of this figure. The corresponding χ2 is depicted by the dashed line.
The center horizontal and vertical bars correspond to the best fit obtained for γ
(n)
pi = 58.6. The outer
horizontal and vertical bars correspond to the statistical errors to be attributed to the best fits.
number of parameterizations of the photomeson amplitudes the MAID2000 parameterization led to the
best overall agreement with the experimental differential cross-sections measured in this experiment
for the free proton. This parameterization, therefore, served as the leading one in the data analysis.
Other parameterizations which led to an almost equivalent quality of agreement were used to obtain
information on the model error.
(ii) The target-container was filled with liquid deuterium so that “free” differential cross sections for
Compton scattering by the proton and the neutron were obtained from quasi-free data. The “free”
differential cross sections obtained for the proton were not in a complete agreement with the corre-
sponding differential cross section for the free proton. But the agreement was good enough to justify
the application of the theory of quasi-free Compton scattering in its present form for the data analysis
and to use the remaining inconsistencies for an estimate of the model error. The measured “free” differ-
ential cross-sections extracted from quasi-free data on Compton scattering by the neutron is displayed
in the left panel of Figure 16. There is consistency with the one existing SAL [120] data point. The
fit to the data was obtained by keeping αn + βn = 15.2 [119] and γ
(n)
pi = 58.6 and the MAID2000
parameterization fixed and treating αn − βn as an adjustable parameter. The result obtained for the
polarizability difference of the neutron obtained in this way is [118]
αn − βn = 9.8± 3.6(stat)+2.1−1.1(syst)± 2.2(model). (165)
Using αn + βn = 15.2 ± 0.5 obtained from the photo-absorption cross section [119] as a constraint we
obtain
αn = 12.5± 1.8(stat)+1.1−0.6(syst)± 1.1(model),
βn = 2.7∓ 1.8(stat)+0.6−1.1(syst)∓ 1.1(model). (166)
47
5.3.4 Coherent-elastic scattering of photons by deuterons
In-medium nucleon polarizabilities are an interesting field of research. Whereas in complex nuclei
the interest is directed to the question whether or not the in-medium electromagnetic polarizabilities
are the same as the free polarizabilities [36], for the deuteron no medium-modifications are expected
because of the weak binding of the nucleons. Since the polarizabilities of the proton are known with
comparatively good precision it may be expected that the neutron polarizabilities can be extracted
from the isospin-averaged nucleon polarizabilities. The latter can be investigated in elastic Compton
scattering experiments by deuterons. An advantage of this method is that the effect of the isospin-
averaged polarizabilities is strongly enhanced in comparison with Compton scattering by free neutrons
due to interference of the polarizability-dependent term with the Born term. This situation resembles
that of Compton scattering by the free proton. The price we have to pay for the advantage is the
necessity of taking into account the np-interaction in the intermediate state, meson exchange currents
and two-body seagull amplitudes. All these effects introduce noticeable model dependencies in the
extracted values of the polarizabilities. For details we refer the reader to [119, 121].
Differential cross sections for Compton scattering from the deuteron were measured at MAX-Lab
(Lund) [121] for incident photon energies of 55 and 66 MeV at nominal laboratory angles of 45◦, 125◦,
and 135◦. Tagged photons were scattered from liquid deuterium into three NaI(Tl) spectrometers. By
comparing the data with theoretical calculations in the framework of a one-boson-exchange model [119],
the sum and the difference of the isospin-averaged nucleon polarizabilities, αN + βN = 17.4 ± 3.7 and
αN − βN = 6.4± 2.4 have been determined. By combining the latter with the global-average value for
αp−βp and using the predictions of the Baldin sum rule for the sum of the nucleon polarizabilities, the
following values for the neutron electric and magnetic polarizabilities
αn = 8.8± 2.4(total)± 3.0(model),
βn = 6.5∓ 2.4(total)∓ 3.0(model) (167)
have been obtained [121].
5.3.5 Summary on the experimental results for the electromagnetic polarizabilities of the
neutron
Table 10: Electromagnetic polarizabilities of the neutron determined by three different methods and
their weighted average. The unit is 10−4fm3
experimental method polarizability
electromagnetic scattering [112] αn = 12.6± 2.5
quasi-free Compton scattering [118] αn = 12.5± 2.3
coherent Compton scattering [121] αn = 8.8± 3.8
weighted average αn = 11.9± 1.5
constrained by αn + βn = 15.2± 0.5 βn = 3.3∓ 1.5
Table 10 shows a summary of the experimental results obtained for the electromagnetic polarizabil-
ities of the neutron. It is satisfactory that the three different methods led to results for αn which are
in agreement with each other within the given errors. It cannot be excluded that a recalculation of
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Table 11: Recommended results for the electromagnetic polarizabilities of the neutron obtained from
the Baldin sum rule constraint, from quasi-free Compton scattering and from electromagnetic neutron
scattering. The unit is 10−4fm3.
αn βn
12.5± 1.7 2.7∓ 1.8
the nuclear scattering amplitude of the deuteron which still is under discussion6 may shift the coherent
Compton scattering result [121] to some extent. Therefore, without further clarification we recommend
to use the Baldin sum-rule constraint αn + βn = 15.2± 0.5 and the values for the electric polarizability
from electromagnetic scattering and quasi-free Compton scattering of Table 10 to arrive at recommended
values for the electromagnetic polarizabilities of the neutron as given in Table 11.
5.4 Spin polarizability of the neutron
In the frame of the invariant amplitudes and in frame of fixed-t dispersion theory, the backward spin
polarizability is given by
γpi = − 1
2πM
[Aint2 (0, 0) + A
as
2 (0, 0) + A
int
5 (0)] (168)
with the integral parts being the smaller contribution. In case of fixed-t dispersion theory it is not
granted that Aas2 (t) is exhausted by the t-channel poles due to π
0, η and η′ exchanges, though it has
been shown for the proton that this is the case. Nevertheless, it may be of interest to find out whether
or not the adopted quantity γ
(n)
pi = 58.6 is the optimum for the data shown in the left panel of Figure 16.
This investigation is carried out in the right panel of Figure 16. The main difference as compared to the
analysis procedure described so far is that αn − βn and γ(n)pi are treated as free parameters when fitting
the predicted Compton differential cross-section to the experimental “free” differential cross sections.
In this way for each pair of values αn − βn and γ(n)pi a χ2 was obtained which is shown by a dashed line
in Figure 16. It is apparent that the adopted values αn − βn = 9.8 and γ(n)pi = 58.6 both are in line
with the center of the rather broad χ2 distribution. This means that this pair of data is supported by
the experiment on quasi-free Compton scattering as evaluated here. According to Figure 16 it is also
possible to attribute an experimental error to γ
(n)
pi , leading to the number given in Table 12.
Table 12: Recommended experimental value for the spin polarizability of the neutron. The unit is
10−4fm4.
γ
(n)
pi = 58.6± 4.0
5.5 Compton scattering by the proton using the large acceptance arrange-
ment LARA
For a long time dispersion theories for Compton scattering by the proton existed only for the ∆ range.
This restriction was overcome in the 1990’s [68] when a non-subtracted dispersion theory at fixed-t
6 Very recently the data have been re-evaluated in the framework of chiral effective field theory to next-to-leading
order. The results obtained are αn = 14.2 ± 2.0(stat) ± 1.9(syst), βn = 1.8 ± 2.2(stat) ± 0.3(syst) [122]. In [123]
1/2(αp + αn) = (13.0± 1.9(stat))+3.9−1.5(theory) was obtained.
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was developed with an applicability extending through the second resonance region. This apparent
success led to an experimental program at MAMI (Mainz) aimed to carry out a rigorous test of the
predictions. In order to save beam time is was necessary to develop an apparatus with which large
energy and angular ranges could be covered with one experimental set up. One essential difficulty of
Compton scattering above π-threshold is that a very small rate of Compton scattered photons has to
be identified in the presence of a large rate of photons from π0 decay. Though the largest part of these
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Figure 17: Perspective view (left panel) and vertical projection (right panel) of the LARA arrangement.
The photon arm consists of 10 blocks of 3 (horizontal) × 5 (vertical) lead glass detectors (Pb), each
block equipped with a 1 cm plastic scintillator (V). The proton arm consists of two wire chambers
(DK1,DK2) at distances of 25 and 50 cm from the target center, 8 plastic scintillators serving as trigger
detectors (TD) and 43 bars of 20 cm × 300 cm × 5 cm plastic scintillators serving as time-of flight
(TOF) stop detectors. The scattering target consists of liquid H2 contained in a 3 cm ∅ × 20 cm
Kapton cylinder.
latter photons have a kinematics which is considerably different from the Compton kinematics, there is
a sizable rate of photons from π0 photoproduction which has an almost identical kinematics. These are
those decays where one of the decay photons is emitted almost parallel to the direction of the π0 velocity.
In this case a high-energy photon is emitted with an energy almost equal to the energy of the Compton
scattered photon. The only way to overcome this difficulty is to determined the kinematical variables
of all particles with the highest possible precision. Before constructing a large acceptance arrangement
several experiments were carried out where some of the experimental principles to be applied later were
tested on a smaller scale [97, 124].
For the construction of the large acceptance arrangement LARA shown in Figure 17 [107,108] it had
to be taken into account that one principal limitation is given by the angular straggling of the recoil
protons which limits the angular resolution to about ±0.5◦ to ±1◦. Due to kinematics the angular
spread of the Compton scattered photons is about twice that of the corresponding recoil protons.
Therefore, a wall of lead glass photon-detectors was built with an angular resolution of about ±2◦ both
in the horizontal and in the vertical direction. The trajectories of the recoil protons were determined
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Figure 18: Left panel: Eight out of 24 measured energy distributions from θc.m.γ = 59
◦ to 156◦ obtained
with the LARA arrangement (•) in the first resonance range compared with predictions from dispersion
theory. The previous data are taken from [125](LEBE-66); [126] (ILLI-67); [127] (BONN-76); [102]
(SASK-93); [128] (TOKYO-80). Right panel: Differential cross sections for Compton scattering by the
proton versus photon energy [107,108]. The three panels contain data corresponding to the c.m.-angles
of 75◦, 90◦ and 125◦. The three curves are calculated for different mass parameters meff = 800 MeV
(upper), 600 MeV (center) and 400 MeV (lower). A good sensitivity to a variation of meff is observed
at θc.m.γ = 125
◦ with an optimum fit for meff = 589± 12 MeV.
by a pair of wire chambers with an angular resolution of better than 1◦. The reaction point in the
scattering target was determined in this way with a precision of about ±0.7 cm. The proton energies
were determined via time-of-flight with flight paths ranging from 2.6 to 12.0 m, depending on the
energies of the recoil protons. The energies of the incoming photons were fixed by tagging to about
2 MeV whereas the energy resolution of the lead glass detectors was poor. With this arrangement it
was possible to measure differential cross sections for Compton scattering by the proton in the energy
range 250 . Eγ . 800 MeV and angular range 30
◦ . θlabγ . 150
◦, with the exception of small scattering
angles and small photon energies where the energies of the recoil protons were too small for an escape
from the liquid hydrogen target.
Figure 18 shows a selection of Compton differential cross sections obtained by the LARA experiment.
The experimental data are compared with the predictions of fixed-t dispersion theory [68] where the
SAID-SM99K parameterization of photomeson amplitudes is used as a basis and the difference αp −
βp measured at energies below meson photoproduction threshold is used as an external input. It is
remarkable to note that in the ∆ resonance range and for θc.m.γ = 75
◦ also at higher energies, an
excellent fit to the experimental data is obtained without any major effect of the scalar t-channel – or,
in an other language – the effective σ pole. This proves that the basic concept of the fixed-t dispersion
theory in the present form is correct. At θc.m.γ = 90
◦ and 125◦ the differential cross sections show a
sensitivity to the effective mass of the σ pole as discussed in Section 3.8. This sensitivity increases with
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increasing scattering angle as expected. From the fit to the experimental differential cross sections it is
possible to determine the effective mass leading to meff = 589 ± 12 MeV. This value obtained for the
effective mass is in agreement with the prediction we obtained from our general knowledge about the
σ meson (see Section 3.8). In spite of this apparent success of fixed-t dispersion theory an independent
interpretation in terms of fixed-θ dispersion theory appears to us highly desirable.
6 Sum rules
6.1 The Baldin (BL) sum rule
Using (106) Baldin’s sum rule (50) may be formulated in the form
α + β = − 1
2π
[Aint3+6(0, 0) + A
as
3+6(0, 0)], (169)
with
Aint3+6(0, 0) =
2
π
∫ νmax
νthr
ImA3+6(ν
′, 0)
dν ′
ν ′
(170)
Aas3+6(0, 0) =
2
π
∫ ∞
νmax
ImA3+6(ν
′, 0)
dν ′
ν ′
, (171)
where νmax separates the sum of electromagnetic polarizabilities into an integral part and into an
asymptotic part
α + β = (α + β)int + (α + β)as. (172)
Numbers may be found in the recent work of Wissmann [2] where the following results have been
obtained
(αp + βp)
int = 12.6, (αp + βp)
as = 1.2, for νmax = 1.5 GeV, (173)
(αp + βp)
int = 13.1, (αp + βp)
as = 0.7, for νmax = 2.0 GeV, (174)
using a choice of νmax as proposed in [68]. Apparently, the asymptotic part of (α + β)p is only of the
order of 5− 10% of the integral part. This finding is partly responsible for the validity of Baldin’s sum
rule since deviations are expected only from the asymptotic part. An other essential point in connection
with the validity of Baldin’s sum rule is that Aas3+6(0, 0) is given by an integral along the real ν-axis
and that there is no additional real part stemming from a non-vanishing contour integral or – in the
language of fixed-θ dispersion theory – from a t-channel contribution. This follows from the discussion
given in Section 2.7.1. According to this discussion it may be expected that the expression given in Eq.
(171) is complete, since – in the forward direction – the candidate for a t-channel contribution, viz. the
f2(1270) meson, is absorbed into the total photo-absorption cross section via vector meson dominance
(VMD) together with the a2(1320) meson and the Pomeron. Predictions for α + β made on the basis
of Eq. (169) are shown in Table 13. Of these, the predictions made by Olmos et al. [104] and Levchuk
et al. [119] are based on recent sets of photo-absorption data. Furthermore they take into account the
. 1% radiative decay channel of the total photoabsorption cross section. Therefore, we consider the
averages of these two results as the adopted values, listed in the last line of Table 13.
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Table 13: The Baldin sum rule evaluated from total photo-absorption cross sections. The adopted value
is the weighted average of the data of Olmos(01) and Lvov(00). The unit is 10−4fm3.
Absorption-Exp. αp + βp αn + βn
Damashek(70) [129] 14.2 ± 0.3
Lvov(79) [100] 14.2 ± 0.5 15.8 ± 0.5
Babusci(98) [54] 13.69 ± 0.14 14.40 ±0.66
Olmos(01) [104] 13.8 ±0.4
Lvov(00) [119] 14.0 ± 0.3 15.2 ± 0.5
adopted value 13.9± 0.3 15.2± 0.5
Table 14: Experimental results for αp + βp obtained by measuring Compton scattering below meson
photoproduction threshold without using the constraint from Baldin’s sum rule in the data evaluation.
The adopted value is equal to the weighted average. The unit is 10−4fm3.
Scattering-Exp. αp + βp
1950’s–1990’s [17] 14.0± 1.4
Olmos(01) [104] 13.1 ± 1.3
adopted value 13.6 ± 1.0
6.1.1 Experimental tests of the Baldin (BL) sum rule
Experimentally, the validity of the Baldin sum rule can be tested by measuring the electromagnetic
polarizabilities α and β below the meson photoproduction threshold. The relevant experiments and the
results obtained have been discussed in Section 5.1 and are summarized in Table 14. The numbers given
as the adopted results in Tables 13 and 14, viz. (αp + βp)
absorption = 13.9± 0.3 and (αp + βp)scattering =
13.6± 1.0 deviate from each other by not more than 30% of the standard deviation. We may consider
this as a firm verification of the Baldin sum rule.
An interesting aspect of the Baldin sum rule has been discussed by Drechsel et al. [1] in the frame of
fixed-θ dispersion theory. The structure of the two dispersion integrals shows that the integral part of
the fixed-t dispersion theory at t = 0 and the s-channel part of fixed-θ dispersion theory at θs = θlab = 0
coincide. The number obtained for the s-channel part of αp + βp is
(αp + βp)
s = 11.94, θlab = 0
◦ for νmax = 1.5 GeV (175)
which indeed is not too much different form the fixed-t counterpart given in Eq. (173), but again the
Baldin sum rule is not completely saturated at an energy of νmax = 1.5 GeV. In fixed-θ dispersion
theory and at non-forward angles the f2(1270) meson is expected to contribute to α + β via the t-
channel integral due to its direct coupling to two photons. Calculations of the t-channel integral have
been found feasible [1] in the angular range between θlab = 100
◦ and 180◦. The results obtained are
summarized in Table 15. Unfortunately, the reason for the large deviation of the prediction from the
experimental value of the Baldin sum rule shown in the 5th row of Table 15 has only been discussed
qualitatively. As a test case for the validity of fixed-θ dispersion theory at large angles it would be
highly desirable to investigate in what way Baldin’s sum rule can be saturated.
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Table 15: Fixed-θ dispersion theory prediction for αp + βp. (α+ β)
s
p: s-channel contribution, (α+ β)
t
p:
t-channel contribution, (α+ β)
(s+t)
p : total prediction, (α+ β)
exp−(s+t)
p : deviation of prediction from the
experimental value. The unit is 10−4fm3.
θlab (α + β)
s
p (α + β)
t
p (α+ β)
(s+t)
p (α+ β)
exp−(s+t)
p
180◦ 7.52 3.28 10.80 3.1
140◦ 7.65 3.28 10.93 3.0
100◦ 8.13 3.28 11.41 2.5
6.2 The GDH sum rule
The GDH sum rule [60,61] relates the anomalous magnetic moment, κ, and mass, M , of the nucleon, i.e.
static properties, to its dynamic observables, like the total absorption cross sections, σ3/2,1/2, of circularly
polarized real photons on longitudinally polarized nucleons in the two relative spin configurations,
parallel (3/2) and antiparallel (1/2):∫ ∞
νthr
(σ1/2(ν)− σ3/2(ν))dν
ν
= −2π
2αe
M2
κ2 =
{
−205µb, proton,
−233µb, neutron. (176)
Here αe = 1/137.04 denotes the fine-structure constant and ν the photon energy. Since the dispersion
theory has been tested through Compton scattering experiments to a high level of precision, the only
crucial assumption in the dispersion theoretic approach applied to the Compton forward amplitude,
is the no-subtraction-hypothesis. Furthermore, the energy dependence of the cross section in the two
spin configurations gives important information for multipole analyses in the resonance region and for
parameters of Regge models in the higher energy regime.
In connection with a possible violation of the GDH sum rule a fixed pole existing in the framework
of Regge theory has been discussed in the literature. For sake of completeness we wish to summarize the
essential features of these considerations here. Starting from invariant amplitudes we write the relevant
dispersion integral in the following form
ReA4(ν, 0) = − αeκ
2
4Mν2
+
2
π
P
∫ ∞
νthr
ν ′ImA4(ν ′, 0)
ν ′2 − ν2 dν
′. (177)
The existence of a fixed pole then implies that the l.h.s. of Eq. (177) converges to an asymptotic
contribution in the form
Aas4 (ν, t) = a4(t)ν
−2 (178)
where a4(t) is a real function of t. Using (178) and multiplying both sides of (177) with ν
2 we arrive at
a4(0) = −αeκ
2
4M
− 2
π
∫ ∞
νthr
νImA4(ν, 0)dν. (179)
in the limit ν →∞. Using the unitarity condition
ImA4(ν, 0) =
M
16πν2
(
σ1/2(ν)− σ3/2(ν)
)
(180)
we arrive at a generalized GDH sum rule in the form∫ ∞
νthr
σ1/2(ν)− σ3/2(ν)
ν
dν = −2παeκ
2
M2
− 8π
2
M
a4(0). (181)
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The generalized GDH sum rule (181) allows an under-fulfillment or over-fulfillment of the GDH sum
rule depending on the the sign of a4(0). Indeed, a first evaluation of the GDH sum rule [94] led to
deviations from the GDH prediction which appeared to be isovector, i.e. different in sign for the proton
and the neutron. This evaluation was based on photomeson amplitudes measured without polarization
and estimated corrections for double-pion photoproduction. Later on this first evaluation was confirmed
by several authors [130] and lead to results ranging between -289 and -257 µb, and between -189 and
-169 µb, for the proton and neutron, respectively, where – in absolute numbers – the proton results
were much larger and the neutron results much smaller than the GDH integral predictions given in Eq.
(176). These findings on the basis of experimental data led to several investigations of the possible
origin of these deviations from the theoretical value of the GDH integral [131]. In these investigation a
fixed J = 1 pole entering into Regge phenomenology as well as current algebra arguments were taken
into consideration. These speculations provided part of the motivation to measure the GDH sum rule
with circularly polarized photons and spin-polarized nucleons. An other part was provided by the desire
to get a better understanding of the spin-structure of the nucleon.
6.2.1 Verification of the GDH sum rule
The GDH integrand on the l.h.s. of Eq. (176) was determined at two electron accelerators. While
the measurement from 0.2 to 0.8 GeV was carried out at MAMI [132–134], the energy range from 0.68
to 2.9 GeV was covered at the electron stretcher ring ELSA [135, 136]. In total the range from the
resonance region up to the Regge regime was covered. This range is wide enough to reliably make
conclusions on the validity of the GDH sum rule for the first time. Only the ranges from 0.14 – 0.20
GeV and > 2.9 GeV had to be covered using model predictions. For the photon energies below 0.20
GeV the unitary isobar model MAID2002 gives a contribution of (-27.5 ± 3) µb [137]. Above 2.9 GeV
the Regge approach of Ref. [87] gives -14 µb while the prediction of Ref. [138] is -13 µb. The results
Figure 19: Running GDH integral, IGDH, for the proton up to 2.9 GeV. Error bars indicate statistical
errors only. IGDH(ω) =
∫ ω
νthr
(σ3/2(ν) − σ1/2(ν))dν/ν with ω being the photon energy is shown on the
abscissa.
of the MAMI – ELSA series of experiments are shown in Figure 19 and Table 16. The experimental
running GDH-integral clearly overshoots the value predicted by the GDH sum rule even when the
reduction due to the negative contribution of the range 0.14–0.20 GeV is taken into account. However,
there is a tendency visible of a decrease of the GDH integral beyond 2 GeV, which is supported by the
predictions from Regge theory [87, 138]. Taking the predicted high-energy extrapolation into account
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Table 16: Measured values of the GDH integral for the proton IGDH and model predictions for the
unmeasured ranges.
Eγ [GeV] IGDH [µ b]
MAID2002 [137] 0.14-0.20 -27.5 ± 3
measured (GDH-Collaboration) 0.20-2.90 254 ± 5 ± 12
Bianchi and Thomas [87] > 2.9 -14
Simula et al. [138] > 2.9 -13
GDH integral 0.14 – ∞ ≈ 213
GDH sum rule νthr −∞ 205
the remaining difference 213µb − 205µb = 8µb is well below the estimated error ≈ ±13µb so that the
tentative conclusion is allowed that the GDH sum rule has been confirmed for the proton.
6.3 The Lvov-Nathan sum rule
The Lvov-Nathan sum rule [67] uses the fixed-angle θ = π sum rule to make predictions for the backward
spin polarizability γpi. For the non-Born part of the relevant amplitude
A˜2(s, u, t, ) ≡ A2(s, u, t) +
(
1− t
4M2
)
A5(s, u, t) (182)
we obtain
A˜NB2 (s, u, t, ) =
1
π
P
∫ ∞
s0
(
1
s′ − s +
1
s′ − u −
1
s′
)
ImsA˜2(s
′, u′, t′)ds′
+
1
π
P
∫ ∞
t0
ImtA˜2(s
′, u′, t′)
dt′
t′ − t , (183)
where
s′ + u′ + t′ = 2M2 and s′u′ =M4. (184)
When s = u =M2 and t = 0 , these integrals determine the backward spin polarizability of the nucleon
γpi ≡ A˜
NB
2 (M
2,M2, 0)
2πM
= γspi + γ
t
pi, (185)
where
γspi = −
1
2π2M
∫ ∞
s0
s′ +M2
s′ −M2 ImsA˜2(s
′, u′, t′)
ds′
s′
, (186)
γtpi = −
1
2π2M
∫ ∞
t0
ImtA˜2(s
′, u′, t′)
dt′
t′
. (187)
6.3.1 The s-channel part of the LN sum rule
We now replace the Mandelstam variables by the photon energy ω in the lab frame and the imaginary
part of scattering amplitudes by the appropriate photoabsorption cross sections. This is achieved by
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using the relation derived for Imgpi(ω) in Eq. (62) and by using the relation between gpi(ω) and A˜2
derived in Eq. (104). For the Mandelstam variable we obtain the replacement
s′ = m2 + 2mω. (188)
Then, after some calculation we arrive at [67]
γspi =
∫ ∞
ω0
dω
4π2ω3
√
1 +
2ω
M
(
1 +
ω
M
)∑
n
Pn[σ
n
3/2(ω)− σn1/2(ω)] (189)
with∑
n
Pn[σ
n
3/2(ω)− σn1/2(ω)] =
{(
σ1/2(ω,∆P = yes) − σ1/2(ω,∆P = no)
)− (1/2→ 3/2)} . (190)
The dominant contribution to γspi comes from single-pion photoproduction, γN → πN , which yields the
cross section (see Eq. (62) and [67])
∑
n
Pn[σ
n
3/2(ω)−σn1/2(ω)]piN = 8π
q
k
∞∑
l=0
(−1)l(l+1)
{
|Al+|2 − |A(l+1)−|2 − l(l + 2)
4
(|Bl+|2 − |B(l+1)−|2)
}
.
(191)
where q = |q| and k = |k| are the momenta of the pion and photon in the c.m. system, respectively.
Here a sum over channels with charged and neutral pions is implied, where Al± and Bl± are the standard
Walker photoproduction multipoles [55].
6.3.2 The t-channel part of the LN sum rule
Each pseudoscalar meson M makes a contribution [67]
A˜M2 (t) =
gMNNFMγγ
t−m2M − i0
τM (192)
to the amplitude entering into Eq. (187). Here gMNN is the meson-nucleon coupling constant and FMγγ
the constant of the two-photon decay of the meson. The isospin factor τM is either 1 or τ3 for isoscalar
and isovector mesons, respectively. Making use of the symbolic equality
1
x− i0 = P
1
x
+ iπδ(x) (193)
we arrive at
γ(M)pi = −
A˜M2 (0)
2πM
=
gMNNFMγγ
2πm2MM
τM . (194)
For the further discussion of γtpi we refer to the paper of L’vov and Nathan [67].
6.3.3 Comparison between theory and experiment
Table 17 summarizes the results obtained for the backward spin polarizabilities of proton and neutron
in comparison with the LN sum rule predictions. The experimental results have been obtained from the
invariant amplitudes adjusted to the experimental Compton differential cross sections using the formula
γpi(fixed− t) = − 1
2πM
A˜NB2 (0, 0) = −
1
2πM
[
ANB2 (0, 0) + A
NB
5 (0, 0)
]
(195)
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where NB denotes the non-Born part of the scattering amplitude. During the adjustment procedure the
photo-absorption cross sections as calculated from the pion photoproduction data and the difference
α − β of electromagnetic polarizabilities obtained from low-energy Compton scattering experiments
have been kept constant, whereas the spin-polarizability γpi(fixed − t) has been used as an adjustable
parameter. In fixed-t dispersion theory the non-Born part of the amplitude is a superposition of an
integral part and an asymptotic part
A˜NB2 (ν, t) = A˜
int
2 (ν, t) + A˜
as
2 (ν, t) (196)
where the integral part can be calculated from pion photoproduction data alone, whereas the asymptotic
Table 17: Experimental results obtained for the backward spin-polarizabilities of proton and neutron
compared with predictions from the LN sum rule. The unit is 10−4fm4
spin polarizabilities proton neutron
γpi(fixed− t) −38.7±1.8 +58.6±4.0 experiment [110, 118]
γpifixed− θ −39.5±2.4 +52.5±2.4 sum rule [67]
γtpi ≡ γaspi −46.6 +43.4 π0 + η + η′ -poles [67]
γintpi +7.9 ± 1.8 +15.2± 4.0 experiment [110, 118]
γspi +7.1 ± 1.8 +9.1± 1.8 sum rule [67]
part is not exactly known. However, it may be assumed that this part is essentially given by the
pseudoscalar poles which are expected to exhaust the t-channel of fixed-θ dispersion theory. This
contribution to γpi is given by
γtpi =
1
2πM
[
gpiNNFpi0γγ
m2pi0
τ3 +
gηNNFηγγ
m2η
+
gη′NNFη′γγ
m2η′
]
. (197)
In Table 17 the numbers in line 2 and 3 represent the spin-polarizabilities obtained from the experimen-
tal Compton differential cross sections on the basis of fixed-t dispersion theory and the LN sum-rule
prediction, respectively. For the proton the agreement of the two different results is well within the
errors, whereas for the neutron the difference of the two results is of the order of the errors. It has to be
kept in mind, that for the neutron the experimental result for γpi(fixed − t) has a comparatively large
error so that the major part of the conclusions has to rest on the proton data. The numbers in line
4 represent the t-channel results as obtained from the pseudoscalar poles, where it has been assumed
that these numbers coincide with the asymptotic contributions entering into fixed-t dispersion theory.
Subtracting the numbers in line 4 from the corresponding numbers in lines 2 and 3, we arrive at the
numbers in line 5 and 6, respectively.
The conclusions to be drawn from Table 17 are the following. The LN sum rule has been shown
to be fulfilled with good precision and there is no major difference between γtpi as entering into fixed-θ
dispersion theory and γaspi as entering into fixed-t dispersion theory. This result is nontrivial because γ
t
pi
has been calculated from the LN sum rule and γaspi has been obtained by adjustments to experimental
data by using this quantity as the adjustable parameter. This finding contrasts with the findings made
in the following subsection in connection with the t-channel and asymtotic contributions in case of the
BEFT sum rule.
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6.4 The Bernabeu-Ericson-FerroFontan-Tarrach sum rule
The BEFT sum rule [65,66,139–142] may be derived from the non-Born part of the invariant amplitude
A˜1(s, u, t) ≡ A1(s, u, t)− t
4M2
A5(s, u, t) (198)
by applying the fixed-θ dispersion relation for θ = 180◦ (a = 0). Then we arrive at
A˜1(s, u, t) =
1
π
P
∫ ∞
s0
(
1
s′ − s +
1
s′ − u −
1
s′
)
ImsA˜1(s
′, u′, t′)ds′
+
1
π
P
∫ ∞
t0
ImtA˜1(s
′, u′, t′)
dt′
t′ − t , (199)
where s0 = (M +mpi)
2, t0 = 4m
2
pi, s
′ + u′ + t′ = 2M2 and s′u′ = M4. Using
α− β = − 1
2π
A˜1(M
2,M2, 0) = (α− β)s + (α− β)t (200)
we arrive at
(α− β)s = − 1
2π2
∫ ∞
s0
s′ +M2
s′ −M2 ImsA˜1(s
′, u′, t′)
ds′
s′
, (201)
(α− β)t = − 1
2π2
∫ ∞
t0
ImtA˜1(s
′, u′, t′)
dt′
t′
. (202)
6.4.1 The s-channel part of the BEFT sum rule
Using the relation for fpi derived in Eq. (103) and the relation for Imfpi derived in Eq. (61) we arrive
at
(α− β)s = 1
2π2
∫ ∞
mpi+
m2pi
2M
√
1 +
2ω
M
[σ(∆P = yes)− σ(∆P = no)] dω
ω2
. (203)
This integral contains the s-channel part of the BEFT sum rule in terms of quantities which are
convenient for calculations. The main contribution to (α− β)s comes from the photoproduction of πN
states. For these states, the cross-section difference can be expressed in terms of the standard CGLN
amplitudes via [52]
[σ(∆P = yes)− σ(∆P = no)]piN = 4π q
k
∞∑
k=0
(−1)k(k + 1)2
{
(k + 2)
(|Ek+|2 − |M(k+1)−|2)
+k
(|Mk+|2 − |E(k+1)−|2)}piN ,(204)
where q = |q| and k = |k| are the pion and photon momenta in the c.m. system, respectively.
6.4.2 The t-channel part of the BEFT sum rule
The imaginary part of the amplitude A˜1 in the t-channel can be found using the general unitarity
relation
ImtT (γγ → NN¯) = 1
2
∑
n
(2π)4δ4(Pn − Pi)T (γγ → n)T ∗(NN¯ → n), (205)
59
where the sum on the right-hand side is taken over all allowed intermediate states n having the same
total 4-momentum as the initial state. In the following we restrict ourselves to two-pion intermediate
states, i.e. n = ππ.
The amplitudes T (γγ → ππ) and T (ππ → N¯N) are constructed making use of available experimen-
tal information on two different reactions. For the amplitude T (γγ → ππ) this is the two-photon fusion
reaction γγ → ππ. Since there are no data on the reaction ππ → N¯N , the amplitude T (ππ → N¯N)
is constructed in a dispersive approach using the well known amplitudes of the pion-nucleon scattering
reaction πN → Nπ. At t > m2pi unitarity shows that the phases of the amplitudes T (γγ → ππ) and
T (ππ → N¯N) are the same and equal to the phases of pion-pion scattering, δJI , which are known from
the data on the reaction πp→ pππ.
The phase-dependent factor entering into the amplitude of a narrow resonance is described by a
Breit-Wigner curve, whereas for the present case of a very broad resonance as given by the functions
δJI (t), a generalized version of the Breit-Wigner curve has to be used. This generalized phase-dependent
factor is given by the Omne`s [143] function ΩJI (t) defined through
ΩJI (t) = exp
[
t
π
∫ ∞
4m2pi
dt′
δJI (t
′)
t′(t′ − t− i0)
]
≡ eiδJI (t)exp
[
t
π
P
∫ ∞
4m2pi
δJI (t
′)dt′
t′(t′ − t)
]
, (206)
where use is made of Eq. (193). For the discussion, it is helpful to know that for a narrow resonance
with infinitesimal width Γ the Omne`s function can be written in the form
Ω(t) =
m2
m2 − t− imΓ , (207)
where m2 = t(δ = π/2) is the “bare mass” of the resonance. This means that for small Γ the Omne`s
function has the structure of a pole located on the t-axes at a position where the phase is equal to
δ = π/2. For energies far below the resonance energy, i.e. t≪ m2, the Omne`s function is only slightly
dependent on t. Note that according to Eq. (207) Ω(0) = 1. In the general case the Omne`s function
retains the essential parts of these properties. Instead of the Omne`s function in most treatments the
function DJI (t) = 1/Ω
J
I (t) is in use. The procedure of taking into account the ππ phase relation is based
on dispersion relations termed the N/D method (see e.g. [58]).
For the discussion of the properties of the T (ππ → N¯N) amplitude in the unphysical region 4m2pi ≤
t ≤ 4M4 we use the backward amplitude F (+)(t) discussed by Bohannon [144]. For the pion scattering
process the quantity t is negative, whereas for positive t the analytic continuation of F (+)(t) describes
the NN¯ → ππ annihilation process for the case that the helicities of the nucleon and the antinucleon
are the same, λ = λ¯. This provides us with a tool to construct the NN¯ → ππ amplitude from the
measured πN → πN amplitude. Since the backward πN → Nπ scattering amplitude implies also
backward NN¯ → ππ annihilation, it can be shown that the first two terms of the expansion for F (+)(t)
at positive t are
F (+)(t) =
16π
M(4M2 − t)f
0
+(t)−
5π(t− 4m2pi)
M
f 2+(t). (208)
The amplitudes fJ+(t) are the partial wave amplitudes introduced by Frazer and Fulco [145], where J
denotes the angular momentum of the ππ intermediate state. The + sign denotes that the two helicities
λ and λ¯ of N and N¯ , respectively, are the same, λ = λ¯. The construction of these amplitudes follows
the standard N/D procedure which is described at many places (see e.g. [58]).
The construction of both amplitudes, T (γγ → ππ) and T (ππ → N¯N), in connection with the
scalar-isoscalar t-channel of Compton scattering has first been described and worked out in some detail
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by Ko¨berle [50] and later discussed by several authors, of whom we wish to cite [1,52,80,146,147]. For
a very broad resonance the appropriate ansatz reads
F JIλ(t) = Ω
J
I (t)P
J
Iλ(t). (209)
where P JIλ(t) is a real amplitude in the γγ → ππ physical region and ΩJI (t) the phase-dependent Omne`s
function discussed above. In (209) I is the isospin of the transition, J the angular momentum and
λ ≡ Λtγγ the helicity difference of the two photons. In the present case we have λ ≡ Λtγγ ≡ 0, so that
we can omit the index λ without loss of generality.
The amplitudes F JI (t) have to be constructed such that they have the correct low-energy properties,
reproduce the cross section of the photon fusion reaction γγ → ππ and incorporate the phases δJI (t)
[78, 148–151]. For J = 0 the following form of Eq. (209) has been obtained [52, 147]:
F 0I (t) = Ω
0
I(t)
{[
FB,0I (t) + ∆F
0
I (t)
]
Re
1
Ω0I(t)
− t
2
π
[
P
∫ ∞
4m2pi
[FB,0I (t
′) + ∆F 0I (t
′)]Im
1
Ω0I(t
′)
dt′
t′2(t′ − t)
+ A0I + tB
0
I
]}
. (210)
The expression in Eq. (210) is given for the s-wave amplitude where contributions going beyond the
Born approximation have been taken into account. The leading term in (210) is a superposition of
a Born term, FB,0I (t), and a pion-structure dependent correction, ∆F
0
I (t). Since the reactions γγ →
π+π−, π−π+, π0π0 show up with two components having isospin I = 2 and one component having I = 0
we have to take into account these two isospins with the appropriate weights (see e.g. [152]):
FI=0 = F
C +
1
2
FN
FI=2 = F
C − FN (211)
where FC is the charged and FN the neutral component.
For both isospin values, I = 0 and I = 2, the Born terms are
FB,00 (t) = F
B,0
2 (t) = 2e
21− v2
v
1
2
ln
1 + v
1− v , (212)
where v is the pion velocity. At low energies, the pion-structure dependent corrections can be expressed
through the electromagnetic polarizabilities of the pions in the form
∆F 00 (t) = 2πmpit[(αpi± − βpi±) +
1
2
(αpi0 − βpi0)],
∆F 02 (t) = 2πmpit[(αpi± − βpi±)− (αpi0 − βpi0)]. (213)
The last term A0I + tB
0
I has been introduced to represent those contributions to F
0
I (t) which go beyond
the Born + pion-polarizability approximation. They are constructed in a way (i) that general constraints
available for the amplitude F 0I (t) are fulfilled and (ii) that experimental data [153,154] on the total cross
sections of the reactions γγ → π+π− and γγ → π0π0 are fitted. The amplitude F 20 (t) is constructed
analogously.
The amplitudes of interest for the prediction of (α − β)t are the S-wave amplitude F 00 (t) and the
D-wave amplitude F 20 (t) with the D-wave amplitude leading to only a small correction. It, therefore,
is appropriate to restrict the discussion mainly to the amplitude F 00 (t). The essential property of this
amplitude is provided by the Omne`s function which introduces a zero crossing of the amplitude at about
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570 MeV. This zero crossing may be considered as a manifestation of that part of the σ meson which
shows up through phase-shift δ00(t) of the correlated ππ pair.
If we restrict ourselves in the calculation of the t-channel absorptive part to intermediate states
with two pions with angular momentum J ≤ 2, the sum rule (202) takes the convenient form for
calculations [66]:
(α− β)t = 1
16π2
∫ ∞
4m2pi
dt
t2
16
4M2 − t
(
t− 4m2pi
t
)1/2 [
f 0+(t)F
0∗
0 (t)
−
(
M2 − t
4
)(
t
4
−m2pi
)
f 2+(t)F
2∗
0 (t)
]
, (214)
where f
(0,2)
+ (t) and F
(0,2)
0 (t) are the partial-wave helicity amplitudes of the processes NN¯ → ππ and
ππ → γγ with angular momentum J = 0 and 2, respectively, and isospin I = 0.
6.4.3 Test of the BEFT sum rule
Though being the first who published the BEFT sum rule in its presently accepted form, Bernabeu and
Tarrach [66] were not aware of the appropriate amplitudes to calculate this sum rule numerically. Also
the first calculation of Guiasu and Radescu [139] remained incomplete because the amplitudes were
used in the form of their Born approximation and, as the major drawback, the correlation of pions was
not taken into account. Table 18 summarizes those results of tests of the BEFT sum rule where at least
Table 18: Numerical evaluation of the BEFT sum rule, with corrections a) and b) supplemented by the
present author. The unit is 10−4fm3.
(αp − βp)s (αp − βp)t (αp − βp)BEFT authors
−4.92 +9.28a) +4.36 Guiasu, Radescu,1978 [140]
−4 +10.4b) +6.4 Budnev, Karnakov, 1979 [141]
−5.42 +8.6 +(3.2+2.4−3.6) Holstein,Nathan,1994 [142]
−5.56 +16.46 +(10.7±0.2)c) Drechsel,Pasquini, Vanderhaeghen,2003 [1]
−(5.0 ±1.0) + (14.0 ± 2.0) + (9.0±2.2) Levchuk, et al. [52]
a) corrected for the D-wave contribution (−1.7) included. In an earlier work Guiasu and Radescu [139]
used the Born approximation without ππ correlation for both amplitudes NN¯ → ππ and ππ → γγ and
arrived at (α− β)t = +17.51.
b) correction for the polarizability of the pion (+3.0) included.
c) best value from a range of results given by the authors [1].
the ππ correlation is taken into account. In the early works of Guiasu and Radescu [140] and Budnev
and Karnakov [141] some missing pieces in the results were identified which are supplemented in Table
18 on the basis of the results given by Holstein and Nathan [142]. In case of the Holstein and Nathan
result [142] we interpret the estimated upper and lower bounds as errors. In case of the Drechsel et al.
result [1] we quote the s-channel and t-channel contributions calculated at θ = 180◦. The total result
(αp − βp)BEFT is the best value for this quantity extracted by the authors from results obtained in the
angular region 140◦ ≤ θlab ≤ 180◦. The result obtained in [147] (see Figure 20) confirmes the result of
Holstein and Nathan [142] when using using a cut-off in the integration in (214) at t = 30m2pi.
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Figure 20: Left panel: The integrand for the t-channel S-wave contribution to α − β as given by a
recent calculation [147] (solid: LLMS), Ref. [142] (dashed: HN), and Refs. [1,80] (dotted: DPV). Right
panel: Same for the t-channel D-wave contribution. Units are 10−4fm3/m2pi. The dotted curve in the
left panel may be considered as an upper limit the dashed curve as a lower limit of a band of possible
results [52].
There is consistency between the five results as far as the s-channel contribution is concerned but
an apparent discrepancy in case of the t-channel between the results of Holstein and Nathan [142] on
the one hand and of Drechsel et al. [1] on the other. In order to find an explanation for this discrepancy
we extended the calculation of [147] where a cut-off in the integration in (214) at t = 30m2pi was used
by a more complete calculation. This investigation showed that the available data to be used as input
are not very precise and lead to large differences in the predictions for (α − β)t. The curves obtained
for d(α−β)S/dt were located in a broad band between the dotted curve and the dashed curve shown in
the left panal of Figure 20. Nevertheless, is appears possible to give a tentative result for the t channel
part of the BEFT sum rule prediction in the form (α − β)t = 14.0 ± 2.0. This result is in agreement
with the result of Drechsel et al. [1] but has a considerably larger error. We will use the results given
in line 6 of Table 18 in the further discussion.
6.4.4 Summary on predicted information on α−β compared with the experimental result
In the foregoing the BEFT sum rule has been discussed making predictions for the s-channel part,
(α−β)s, and the t-channel part, (α−β)t, of the difference of electromagnetic polarizabilities. In fixed-t
dispersion theory the s-channel part is replaced by the integral (along the ν axis) part, (α− β)int, and
the t-channel part by the asymptotic (contour integral) part, (α − β)as, where the two versions are
closely related to each other but are not completely identical. For illustration it is of interest to derive
expressions for (α− β)int in a similar form as those obtained for (α− β)s.
In fixed-t dispersion theory we may write
(α− β)int = − 1
2π
Aint1 (0, 0) = −
1
π2
∫ ∞
νthr(0)
ImA1(ν
′, 0)
dν ′
ν ′
. (215)
In (215) the finite upper limit νmax(0) of the integral is replaced by ∞. From the general formula given
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in (148) we may derive the relevant special case for t = 0
ImA1(s, 0) =
1
(s−M2)2
[
− s
M
Im τ4 −
√
s
M
Im τ5
]
. (216)
with
ν =
s−M2
2M
. (217)
Restricting the further discussion to the 1π channel we may write
Im[τ4]
1pi
t=0 = 8πq
√
s
∑
k>1
k(k + 1)2(k + 2)
2
(
Ak+B
∗
k+ −A(k+1)−B∗(k+1)−
)
, (218)
Im[τ5]
1pi
t=0 = 8πq
√
s
∑
k>0
2(k + 1)2
(|Ak+|2 − |A(k+1)−|2) (219)
with
Ak+B
∗
k+ =
1
2
[
(k + 2)|Ek+|2 + kMk+E∗k+ − (k + 2)Ek+M∗k+ − k|Mk+|2
]
,
A(k+1)−B
∗
(k+1)− =
1
2
[− k|E(k+1)−|2 + (k + 2)M(k+1)−E∗(k+1)−
−kE(k+1)−M∗(k+1)− + (k + 2)|M(k+1)−|2
]
,
|Ak+|2 = 1
4
[
(k + 2)2|Ek+|2 + (k + 2)kEk+M∗k+ + k(k + 2)Mk+E∗k+ + k2|Mk+|2
]
,
|A(k+1)−|2 = 1
4
[
k2|E(k+1)−|2 − (k + 2)kM(k+1)−E∗(k+1)−
−k(k + 2)E(k+1)−M∗(k+1)− + (k + 2)2|M(k+1)−|2
]
. (220)
This shows that the integrand entering into Eq. (215) has no such a simple decomposition into photo-
absorption cross-sections of definite electromagnetic multipolarity as found for the corresponding in-
tegrand (203) valid in case of fixed-θ = π dispersion theory. For further illustration we simplify the
expressions by taking only the multipoles E0+(E1) and M1+(M1) into account which are the most
prominent ones at low energies. Then some algebra shows that in this approximation
(α− β)int = 1
2π2
∫ ∞
ω0
√
1 +
2ω
M
[
σE1(ω)−
(
3
2
√
1 +
2ω
M
− 1
2
)
σM1(ω)
]
dω
ω2
(221)
where ω is the photon energy in the lab system, to be compared with
(α− β)s = 1
2π2
∫ ∞
ω0
√
1 +
2ω
M
[(σE1(ω)− σM1(ω)]dω
ω2
. (222)
For infinitely heavy particles both expressions converge against the well known relation
(α− β)M→∞ = 1
2π2
∫ ∞
ω0
(σE1(ω)− σM1(ω)) dω
ω2
. (223)
For numerical predictions, calculations on the basis of the complete expressions are required. For fixed-t
dispersion theory this has latest been carried out by Wissmann [2] leading to the result
(αp − βp)int = +7.1(1π) + 2.0(2π)− 12.2(∆) = −3.1. (224)
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Table 19: Predicted information (α − β)calcp on the polarizability difference compared with the exper-
imental result (α − β)expp = 10.5 ± 1.1 (global average of [104]) or (α − β)expp = 10.1 ± 0.9 (adopted
average including all existing data [17, 104]). In fixed-t dispersion theory the prediction (α − β)calcp
corresponds to the integral part (α−β)intp , in fixed-θ dispersion theory (α−β)calcp is either chosen to be
the s-channel contribution only (line 3) or the predicted s-channel contribution supplemented by the
predicted γγ → ππ → NN¯ t-channel contribution according to the BEFT sum rule (line 4). The unit
is 10−4fm3.
disp. theory (α− β)calcp (α− β)expp − (α− β)calcp
fixed-t (α− β)intp = −3.1 [2] (α− β)asp = 13.2± 1.3
fixed-θ (α− β)sp = −(5.0± 1.0) (α− β)t-expp = 15.1± 1.3
fixed-θ (α− β)s+tp = +(9.0± 2.2) (α− β)t-missp = 1.1± 2.4
As a summary Table 19 shows differences between calculated values for (α− β)p and the experimental
value for this quantity obtained under conditions explained in the caption of the table. We see that in
fixed-t dispersion theory we have to explain (α− β)asp = 13.2± 1.3 through a contribution which has no
interpretation in terms of the integral part in fixed-t dispersion theory. This value, therefore, may be
interpreted as an empirical result for the asymptotic contribution to (α−β). In case of fixed-θ dispersion
theory the quantity (α− β)t-missp is compatible with zero. This means that the BEFT sum-rule is likely
to be confirmed.
An interesting alternative for the prediction of (α − β) which deserves further consideration has
been proposed and evaluated by Akhmedov and Fil’kov [155]. In this approach (α − β) is expressed
through a dispersion relation at fixed u = M2 in the point t = 0. Due to the different dispersion theory
a different partition of (α − β) into s and t channel parts is obtained. Nevertheless, the conclusion is
drawn that a σ meson in the intermediate state is responsible for the largest part of (α− β).
6.4.5 The effective σ pole and an outlook on an interpretation of (α− β)
According to [51] we have reasons to assume that the σ meson has a composite structure of the type
|σ〉 = cos θσ|ππ〉+ sin θσ|qq¯〉, (225)
implying that the σ meson has two possibilities to couple to two photons, i.e. via a π loop and via a
quark loop. There is ongoing work [52] where this ansatz is used to make predictions on α − β and
the relevant invariant amplitude. It is too early to refer to this ongoing work at the present stage of
development. Instead we tentatively make use of an evaluation of the reaction γγ → π0π0 [81] which
has led to a determination of the position of the σ pole as well as to a determination of the photon
decay width Γσ→γγ (Table 7). We start from Eq. (21) of [68]
gσNNFσγγ
2πm2σ
= (α− β)σ-pole (226)
and first insert the nominal value of the σ mass mσ = 600 MeV=ˆ3.04 fm
−1 which has been found to
be consistent with experimental differential cross sections in the second resonance region [107,108] (see
also Section 3.8). The relation to the decay width is given by
gσNNFσγγ = +16π
√
g2σNN
4π
Γσ→2γ
m3σ
(227)
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where the approximate equality of the two coupling constants in (227)
g2σNN
4π
≃ g
2
piNN
4π
= 13.75 (228)
may be justified through the linear σ model. Using
Γσ→γγ = 0.68± 0.19 keV (229)
as evaluated by Fil’kov and Kashevarov [81], we arrive at
(α− β)σ-pole = 10.7± 1.7. (230)
The same calculation may be carried out using the experimental value mσ = (547±45) MeV as obtained
by Fil’kov and Kashevarov [81]. Then we arrive at
(α− β)σ-pole = 14.8+2.1−2.5(∆Γσ→2γ)+5.2−3.6(∆mσ). (231)
It is satisfactory to see that the numbers obtained for (α − β)σ-pole are compatible with (α − β)as =
13.2± 1.3 given in the third row of Table 19.
In a quark-level linear σ model (LσM) [51] the decay widths of the σ → γγ decay has been obtained
in the form
Γσ→γγ =
m3σ
64π
[
5
3
αe
πfpi
+
1
3
αe
πfpi
]2
≈ 3.5 keV (232)
for mσ = 650 MeV. Here, the first term is due to the nonstrange quark triangle, while the second term
stems from charged-kaon and -pion triangle graphs. This result was found to be compatible with the
data estimate given in [156]. We cite this result as a possible guidance for future research in connection
with attempts of including the physics of the scalar t channel of (α− β) into a model of the nucleon.
7 Summary and Discussion
It has been shown that Compton scattering by the nucleon at energies below 1 GeV provides insight into
the structure of the nucleon which barely can be seen by other methods. It has been found advantageous
to analyze the results of Compton scattering experiments in terms of four fundamental sum rules:
1. The Baldin or Baldin-Lapidus (BL) sum rule for the sum of electromagnetic polarizabilities (α+β),
related to spin-independent forward scattering.
2. The Gerasimov-Drell-Hearn (GDH) sum rule for the square of the anomalous magnetic moment
κ2, related to spin-dependent forward scattering.
3. The Bernabeu-Ericson-FerroFontan-Tarrach (BEFT) sum rule for the difference of the electro-
magnetic polarizabilities (α− β), related to spin-independent backward scattering.
4. The L’vov-Nathan (LN) sum rule for the backward spin-polarizability γpi, related to spin-dependent
backward scattering.
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The BL sum rule has been found to be fulfilled within rather small experimental errors. The largest
part of the BL-integral is related to the conventional constituent-quark-meson structure of the nucleon.
A smaller fraction of the BL integral is related to tensor-meson and pomeron exchanges. This part can
be taken into account by making a Regge ansatz to describe the high-energy total photo-absorption
cross section σtot(ω).
The result for the GDH sum rule is very similar to the one for the BL sum rule. The largest part
of the GDH-integral is related to the conventional constituent-quark-meson structure of the nucleon.
For the mesonic part of the nucleon structure showing up in the energy range from 0.14 – 0.20 GeV,
the cross section σ1/2 is larger than the cross section σ3/2 whereas for the resonant part due to the
excitation of the constituent-quark structure the opposite is true. In the Regge range the cross section
σ1/2 is again larger than the cross section σ3/2 thus making contributions to the GDH integral negative.
Taking all these parts together we find the GDH sum rule likely to be fulfilled.
For backward scattering the conventional constituent-quark-meson structure is of minor importance.
Instead, intermediate states of the scattering process are observed where the production and annihilation
of mesons is essential. For the BEFT sum rule the relevant meson is the scalar-isoscalar σ meson, whereas
for the LN sum rule the pseudoscalar π0 is the most relevant one with minor contributions from the
η and η′ mesons. It has been shown that the LN sum rule is fulfilled whereas the BEFT sum rule is
likely to be fulfilled. Furthermore, there are arguments that the σ meson has a composite structure
with a |ππ〉 and a |qq¯〉 component. In order to arrive at a consistent description of the observations
made so far for the t-channel part of the BEFT sum rule, this sum rule may be investigated in terms of
a quark-level linear σ model where the coupling of the σ meson to two photons takes place via a pion
loop as well as via a quark loop.
If we start from the reasonable supposition that the electromagnetic polarizabilities and spin po-
larizabilities are quantities which are related to the internal structure of the nucleon, we come to the
conclusion that the π0 and σ t-channel exchanges have to be considered as part of the nucleon structure.
Since these intermediate states cannot be understood in terms of an excitation of the constituent-quark-
meson structure of the nucleon they have to be considered as part of the constituent quarks or of the
surrounding QCD vacuum. This view certainly provides a fascinating aspect for further investigations.
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